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A1. Antecedentes
La pregunta de cómo es posible la coexistencia de especies del mismo nivel 
trófico y de cuáles son los principios que explican el ensamblaje local de las comunidades es uno de los principales temas de investigación en ecología 
(Phillips, 1931; Wilson, 1990; Keddy, 1992; Tilman y Pacala, 1993; Zobel, 
1997; Chesson, 2000; Hubbell, 2001; Wright, 2002). De hecho, el estudio del mantenimiento de la diversidad biológica está generalmente centrado en la coexistencia, la cual puede ser estable o inestable. Las especies son capaces de coexistir de forma estable en una comunidad gracias a una serie 
de rasgos funcionales y mecanismos que les permiten explotar los recursos 
de forma diferencial (Chesson, 2000). En el caso de los animales el hecho de 
que puedan desplazarse les confiere una ventaja a la hora de conseguir los recursos necesarios cuando éstos son limitantes en las zonas donde habitan. 
En el caso de las plantas, la optimización de dichos rasgos y mecanismos es de 
especial importancia ya que compiten por los mismos recursos (la luz, el agua, 
los nutrientes y por el espacio para el crecimiento) pero son incapaces de desplazarse para conseguirlos en otro lugar. Por otro lado, la heterogeneidad 
ambiental, las interacciones bióticas y las diferencias en los parámetros 
demográficos de cada especie a lo largo del ciclo de vida de las plantas permiten 
que los individuos puedan usar distintos recursos en el espacio y en el tiempo. 
Coexistencia: ¿Qué determina la composición de especies vegetales de 
una comunidad? 
La coexistencia es fruto de varios factores no excluyentes que abarcan: 
el azar, los patrones históricos de especiación y migración, la dispersión, 
factores ambientales abióticos (restricciones físicas del ambiente) y las 
interacciones bióticas (tanto positivas como negativas). Estos factores se 
conocen como filtros jerárquicos (Figura A1), que actúan a escalas espaciales 
cada vez más finas para imponer reglas en el ensamblaje de las comunidades 
(Götzenberger et al., 2012).
Existen numerosas teorías acerca de estos filtros o mecanismos de coexistencia implicados en la composición de las especies en una comunidad. 
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En esta tesis nos centraremos en aquellos que actúan a escalas locales como 
son los abióticos (filtros ambientales) y los bióticos (filtros impuestos 
por las interacciones de competencia y facilitación y por los procesos de 
densodependencia negativa), ambos íntimamente relacionados.
Las teorías más clásicas consideran que las especies no se ensamblan de 
forma aleatoria sino que la coexistencia está restringida por la competencia, siendo ésta el principal proceso estructurador de las comunidades vegetales. Si una especie presenta una ventaja competitiva será capaz de optimizar el uso de los recursos minimizando la coexistencia con otras 
especies, desplazándolas (desplazamiento competitivo) o excluyéndolas 
(exclusión competitiva). Por consiguiente, la coexistencia es posible gracias 
a la diferenciación en el uso de los recursos de las distintas especies (teoría 
de nicho, Hutchinson, 1957). Si éstas se reparten los ambientes bióticos y abióticos, o si existen compromisos en la alocación de los recursos, entonces distintas especies pueden coexistir usando distintos rangos o proporciones 
del recurso (segregación de nicho, Pacala y Tilman, 1994). Los individuos 
compiten más intensamente con los conespecíficos y con individuos de especies funcionalmente similares, existiendo una similitud límite por 
Figura A1. Procesos que dan lugar 
al ensambaje de comunidades y las escalas relativas a las cuales son 
más influyentes (adaptada de Zobel, 
1997 y Götzenberger et al., 2012). En un momento en el tiempo existe 
un conjunto global de especies que, a 
través de la especiación, extinción y migración, dará lugar a un conjunto 
regional de especies reducido (ensamble 
filogenético). A partir de dicho 
conjunto regional se constituye otro 
local formado por las especies que son 
capaces de dispersarse (ensamble de 
dispersión).  A escala local, los filtros ambientales e interacciones bióticas 
definen el ensamblaje real de especies 
vegetales (ensamble ecológico). 
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encima de la cual las especies no pueden coexistir (MacArthur y Levins, 
1967). Trabajos más recientes han ido proponiendo nuevos términos y 
mecanismos (estabilizadores y ecualizadores) que pueden prevenir la exclusión competitiva dando como resultado la coexistencia de especies a 
largo plazo (véase Chesson, 2000 para un resumen). Las teorías de nicho 
fueron desafiadas por Hubbell (2001) con su teoría neutral, según la cual los 
mecanismos que determinan la composición de especies en una comunidad son producto del azar. Sin embargo, muchas comunidades de plantas tienen una estructura de nicho, con lo cual las asunciones de la teoría neutral no 
se cumplen, sobre todo en diversos ecosistemas templados (Gilbert and 
Lechowicz, 2004). 
Una de las etapas de vida de mayor importancia para mantener el equilibrio 
de las comunidades vegetales es la del reclutamiento, por lo que el estudio del nicho de regeneración de las distintas especies es considerado uno de los 
mayores retos en ecología de comunidades (Grubb, 1977; Pacala y Tilman, 
1994). De acuerdo con el efecto de almacenamiento o storage effect, propuesto 
por primera vez por Chesson y Warner (1981), en un ambiente cambiante ninguna especie puede ser la mejor competidora bajo todas las condiciones. Así, el cambio de las características ambientales entre años permite el 
reclutamiento de varias especies en distintas ventanas temporales (Chesson, 
2000). Por otro lado, la coexistencia también puede darse en ambientes 
temporal y espacialmente homogéneos debido a que los mecanismos que 
desarrollan las especies leñosas o de vida larga difieren según las etapas de 
vida de los individuos (semilla, plántula, juvenil, adulto y senescente). 
Es preciso destacar que la competencia no es el único factor que afecta a 
la coexistencia, sino que ésta puede ser mitigada o eliminada por la acción de agentes externos “no competitivos”. Estos agentes pueden tomar distintas 
formas, de las cuales los mecanismos de densodependencia negativa y 
las perturbaciones (tanto ambientales como biológicas) representan 
dos fenómenos conspicuos y ampliamente reconocidos (Schupp, 1992; 
Chesson, 2000). Además, los organismos coexistentes interaccionan no sólo compitiendo sino también facilitándose, modulando así la composición de especies en las distintas comunidades. 
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Mecanismos de densodependencia negativa (hipótesis de Janzen-Connell)
La densodependencia negativa es un proceso por el cual el comportamiento 
de una especie (reclutamiento, supervivencia o crecimiento) se ve limitado 
por la presencia de individuos conespecíficos vecinos. Así por ejemplo las 
alelopatías, la competencia intraespecífica, las infecciones por patógenos 
y la predación contribuyen a limitar el comportamiento de las especies localmente abundantes. En el contexto de la coexistencia, una de las hipótesis 
más destacadas es la de Janzen-Connell (Janzen, 1970; Connell, 1971) 
según la cual los enemigos naturales, incluyendo patógenos y predadores, 
causan una mayor mortalidad de semillas y plántulas en la vecindad de los 
adultos conespecíficos (Clark y Clark, 1984; Schupp, 1992). Por este motivo, la dispersión alejada de los árboles parentales permite el escape de la predación e infección por patógenos, favoreciendo la regeneración a cierta 
distancia y liberando espacio para que puedan establecerse otras especies, lo cual promueve la coexistencia.
Perturbaciones, gradientes de estrés y facilitación
Los modelos de gradientes de estrés llevan a cabo predicciones acerca de 
la importancia relativa de los factores que afectan a la diversidad a lo largo de 
gradientes ambientales de estrés. Según el modelo clásico de Grime (1973) y 
la hipótesis de las perturbaciones intermedias (Connell, 1978) la diversidad 
de especies disminuye desde sitios con niveles intermedios de estrés y 
perturbación hacia sitios altamente estresados y perturbados porque pocas 
especies son capaces de tolerar estas condiciones (disminución de especies 
basado en las tolerancias fisiológicas de las especies). Por el contrario, en 
zonas con bajos niveles de estrés y perturbación predomina la exclusión 
competitiva, siendo mínimo el efecto de los factores ambientales (Figura A2).
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Figura A2. Esquema que muestra la inclusión de la facilitación en el modelo de 
Grime relacionando la riqueza de especies y la severidad ambiental (adaptada de 
Grime, 1973; Michalet et al., 2006). Panel inferior: la riqueza de especies dentro de 
una comunidad de especies con tres tipos de estrategias (competitivas, tolerantes 
al estrés y estrategias intermedias). Cuando la severidad ambiental es muy baja 
sólo las especies competidoras se encuentran en las comunidades. A medida que aumenta el nivel de estrés, las tres estrategias están presentes pero las competitivas 
son más abundantes que las tolerantes al estrés. A niveles medios-altos de estrés, las tres estrategias están presentes siendo más abundantes las tolerantes al estrés 
en comparación con las competitivas. A niveles muy altos de estrés ambiental sólo las especies tolerantes al estrés están presentes. En el panel superior: intensidad de 
las interacciones netas (la suma de interaciones positivas y negativas entre vecinos) 
que reciben las especies competitivas (curva gris) y las tolerantes al estrés (curva 
negra). En los extremos de estrés existe una única curva porque sólo una de estas 
dos estrategias tienen lugar en las comunidades (consistente con el panel inferior).
Estos modelos clásicos no incorporan las interacciones positivas (i.e. 
facilitación). Sin embargo, desde la propuesta de que la facilitación aumenta 
a medida que aumenta el estrés (i.e. hipótesis del gradiente de estrés, SGH, 
Bertness y Callaway, 1994), el estudio del papel que juegan las interacciones 
positivas en la coexistencia y diversidad de las comunidades vegetales 
se ha visto enormemente acentuado (véase Bruno et al., 2003 y trabajos 
ahí citados). Dado que las interacciones positivas mitigan el estrés o las 
perturbaciones físicas (i.e. severidad ambiental), el nicho realizado de una 
especie puede expandirse (Figura A3), lo cual aumentará la coexistencia de 
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especies en ambientes estresantes o perturbados (Hacker y Gaines, 1997; 
Bruno et al., 2003). Existen numerosos trabajos que apoyan la SGH (Callaway 
et al., 2002) mientras que otros sugieren que las interacciones positivas 
pueden disminuir bajo condiciones extremas de estrés (Figura A2, Michalet, 
2006; Maestre et al., 2009) o incluso ser la competencia la interacción 
dominante (Maestre y Cortina, 2004). 
Al margen de las discrepancias encontradas en la literatura, es evidente 
que las interacciones positivas y negativas varían según la identidad de la 
especie, de la intensidad del estrés y de las interacciones indirectas (Callaway 
y Walker, 1997; Kunstler et al., 2006; Valladares et al., 2008; Maestre et al., 
2009). Ambos tipos de interacciones suelen tener lugar de forma simultánea 
gracias a cambios durante la ontogenia y al elevado número de factores y 
especies que interactúan en una comunidad, siendo el balance entre unas 
y otras crítico para la organización de las comunidades (Callaway y Walker, 
1997; Miriti, 2006). Por tanto, mientras que las teorías clásicas de coexistencia 
se basan en la exclusión competitiva de las especies con requerimientos 
parecidos, los estudios recientes muestran que la coexistencia se explica por 
una multitud de procesos que actúan a distintas escalas (Götzenberger et 
al., 2012). Por ello, el estudio de cómo afectan la heterogeneidad ambiental, 
las interacciones bióticas, la variabilidad climática y las perturbaciones a los 
Figura A3. Representación del nicho realizado con respecto al 
fundamental (A) en ausencia de facilitación, donde la competencia, la limitación del reclutamiento, 
las enfermedades y parasitismo 
así como la predación disminuyen 
el espacio que realmente puede ocupar una especie en relación a 
sus tolerancias fisiológicas, y (B) cuando la facilitación tiene lugar, 
el nicho realizado puede ser mayor 
que el nicho fundamental debido a la mitigación de los distintos efectos 
que reducen el nicho fundamental 
(figura adaptada de Bruno et al., 
2003).
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procesos de regeneración, crecimiento y supervivencia de las especies es 
vital para llegar a comprender su coexistencia (Terradas et al., 2009).
El caso particular de los ecosistemas mediterráneos 
La mayoría de estudios relacionados con la coexistencia de especies 
arbóreas se ha llevado a cabo en bosques tropicales (véase Wright, 
2002 y trabajos ahí citados), mientras que en ecosistemas templados, 
particularmente en los mediterráneos, la información de la que disponemos 
es extremadamente escasa (pero véase Packer y Clay, 2000; Hyatt et al., 
2003; McCarthy-Neumann y Kobe, 2010; Gómez-Aparicio et al., 2012; 
Galiano et al., 2013). Por tanto, existe un notable desconocimiento acerca de 
si las hipótesis propuestas para la explicación de la coexistencia en bosques tropicales pueden ser aplicadas en ecosistemas mediterráneos.
El hecho de que las regiones tropicales son más ricas en especies que 
las templadas es ampliamente conocido (Raven, 1976). A pesar de que los 
ambientes mediterráneos presentan una elevada riqueza de especies, la 
riqueza de especies arbóreas es modesta como consecuencia de la historia 
de manejo y de las perturbaciones. Sin embargo, la diversidad no se explica 
exclusivamente por la riqueza de especies. La diversidad funcional, que ha recibido menos atención en la literatura, está emergiendo como un aspecto de crucial importancia para la determinación de los procesos ecosistémicos 
(Díaz y Cabido, 2001). En ecosistemas mediterráneos las fuertes diferencias entre los rasgos de las especies pueden dar lugar a una baja redundancia 
funcional, lo cual implica que incluso sistemas con un bajo número de 
especies pueden tener una elevada diversidad funcional (Díaz y Cabido, 
2001). Además, el bajo número de especies y densidad en ecosistemas 
mediterráneos en relación a los tropicales, conlleva que la composición y 
estructura de los bosques mediterráneos está determinada en menor medida 
por el azar que en los tropicales.
Mientras que la luz es considerada como el recurso más limitante en 
ecosistemas tropicales (Whitmore, 1996), en los mediterráneos el recurso 
más limitante es la disponibilidad hídrica (Castro et al., 2004b; Pugnaire et al., 
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2011). De hecho, las prolongadas sequías estivales típicas del mediterráneo 
constituyen uno de los estreses abióticos más importantes para las plantas 
(McCluney et al., 2012). Es por ello que la competencia en zonas mediterráneas 
parece tener menor importancia que otras interacciones como la facilitación 
(véase la Figura A2), aunque la competencia intra y/o interespecífica pueden 
darse cuando el estrés es muy extremo (Maestre y Cortina, 2004; Michalet, 
2006). En efecto, se ha demostrado que en hábitats donde la precipitación 
es escasa como para mantener una cobertura cerrada que fuerce a las especies a competir por la luz, las plantas siguen compitiendo bajo el suelo 
por la adquisición de agua y de nutrientes (Fowler, 1986; Coomes y Grubb, 
2000; Silvertown, 2004). Al contrario que los claros en bosques tropicales, los claros de ecosistemas mediterráneos pueden resultar excesivamente limitantes para la regeneración, precisamente por el exceso de radiación 
y calentamiento, pero también pueden ser los sitios más seguros ante la 
predación (Gómez, 2004). La creación de microambientes con distintos 
niveles de radiación, composición radical, profundidad de la hojarasca y 
composición del suelo que se origina en los ecosistemas tropicales cuando se 
abre un claro, podría ser comparable a la heterogeneidad ambiental que se 
genera en los bosques mediterráneos ante la presencia de árboles y arbustos 
de distintas especies combinada con la microtopografía del suelo. Así, estas 
variaciones a pequeña escala proporcionan la base para la existencia de 
múltiples nichos de regeneración para las plántulas (Grubb, 1977).
Otro de los procesos que contribuyen a explicar la coexistencia en bosques 
tropicales es el proceso de densodependencia negativa (Augspurger, 1983; Wills 
et al., 2006). Sin embargo, hasta donde sabemos, escasos estudios han tratado 
de identificar este proceso en especies arbóreas en ecosistemas mediterráneos 
(pero véase Steinitz et al., 2011). Así, mientras que en los bosques tropicales la coexistencia ha sido tradicionalmente estudiada a través del establecimiento de 
las especies en los claros (Brokaw y Busing, 2000) y a través de los procesos 
de densodependencia como determinantes de la composición y estructura de las especies, en los ecosistemas mediterráneos se ha puesto más énfasis en las interacciones positivas planta-planta como mecanismo de coexistencia capaz 
de mitigar los efectos de las fuertes sequías de verano (Gómez-Aparicio et al., 
2005b) y por tanto de aumentar el nicho realizado de las especies (Figura A3).
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Los efectos del cambio climático en la dinámica de comunidades 
Los bosques de todo el mundo están experimentando modificaciones 
en su productividad y dinámica (e.g. regeneración, crecimiento, 
comportamiento fisiológico) debidas al cambio climático (Parmesan, 
2006; Allen et al., 2010; Carnicer et al., 2011). La mayoría de los modelos 
predicen aumentos de temperatura de +1.2 °C en invierno y +2 °C en 
verano para los próximos 30 años en la cuenca mediterránea (escenario A2, 
Christensen et al., 2007). Se espera que la precipitación anual disminuya 
en esta área, aunque existen discrepancias en los modelos acerca del grado 
de reducción (de Castro et al., 2005). No sólo las variaciones inter-anuales sino también las variaciones a lo largo del año están siendo cada vez más 
acusadas influyendo en el comportamiento de las poblaciones incluso más 
que los cambios en las medias anuales (Menzel et al., 2006). Sin embargo, el impacto de estas variaciones intra-anuales ha recibido poca atención a pesar 
de que la estacionalidad de las sequías puede tener graves consecuencias 
para las especies mediterráneas (Rodríguez-Iturbe et al., 1999), en las que 
la actividad vegetativa está reducida a unos pocos meses de primavera y 
principios del verano (Mitrakos, 1980 ; Montserrat-Martí et al., 2004). Dado 
que las predicciones son peores para los meses de verano, y que algunas 
especies dependen de la disponibilidad hídrica de estos meses mientras que otras especies no usan estos recursos, cambios abruptos en la estacionalidad de la precipitación, pueden favorecer diferencialmente a unas especies sobre 
otras (McCluney et al., 2012).
Numerosas evidencias muestran que los cambios en la intensidad, 
duración y frecuencia de las sequías son responsables de mortalidades 
masivas y de cambios observados en la vegetación, incluso en zonas que 
aparentemente no están limitadas por agua (Allen et al., 2010). Mientras que 
tanto los déficits hídricos prolongados como los eventos extremos (olas de 
calor, y de frío, sequías e inundaciones) están relacionados con el decaimiento 
forestal, en el primer caso la aclimatación es factible, pero en el último ésta 
es poco probable (Gutschick y BassiriRad, 2003). No obstante, existen varios procesos estabilizadores capaces de minimizar o contrarrestar los efectos 
del cambio climático y de los eventos extremos favoreciendo la resiliencia 
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de las comunidades (Lloret et al., 2012). Estos procesos estabilizadores 
engloban tanto aquéllos que mitigan o impiden la mortalidad como los 
compensatorios que contrarrestan los efectos del evento extremo, y pueden actuar tanto sobre las etapas de regeneración como sobre la fase adulta 
(crecimiento y fisiología). 
Regeneración
Sabemos que la regeneración es fundamental para poder mantener el 
equilibrio en la comunidad reemplazando a los individuos que mueren. La 
calidad del hábitat, la tolerancia al estrés, la plasticidad, y la variablilidad fenotípica así como la facilitación son algunos de los procesos estabilizadores 
que pueden disminuir o mitigar los efectos negativos del cambio climático 
sobre el reclutamiento (Lloret et al., 2012). Sin embargo, estos procesos 
dependen de la intensidad del estrés. Según McCluney et al. (2012) la 
situación actual respecto a la disponibilidad hídrica en zonas áridas y 
semiáridas es “moderada” y por tanto predomina la facilitación. No obstante, 
cualquier cambio hacia un lado u otro del gradiente de estrés incrementaría 
la competencia, aumentando y no amortiguando los efectos del cambio 
climático (McCluney et al., 2012). 
Crecimiento secundario
Varios trabajos demuestran reducciones acusadas en el crecimiento 
secundario en grosor debidas a la sequía (Martín-Benito et al., 2010; 
Linares et al., 2011), pero también existen procesos compensatorios que 
contrarrestan los efectos del cambio climático sobre el crecimiento (Lloret et 
al., 2012). Así por ejemplo, la densidad arbórea puede verse reducida debido 
a los eventos extremos, resultando en una menor competencia, en un mayor 
crecimiento de los individuos supervivientes y en una menor vulnerabilidad 
de las poblaciones a futuros eventos extremos (Lloret et al., 2012). También 
se ha observado que en sitios con climas estacionales relativamente fríos, 
el calentamiento moderado puede aumentar el crecimiento y supervivencia 
de los árboles (Martínez-Vilalta et al., 2008; Gimeno et al., 2012a). Aunque 
es más común hablar del estrés hídrico en ecosistemas mediterráneos, los 
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inviernos pueden dar lugar a temperaturas muy bajas en zonas continentales 
dando lugar a un doble estrés (Mitrakos, 1980). Por ello, las especies en estas 
zonas tienen que estar adaptadas además a las heladas de invierno evitando 
la cavitación masiva de los conductos (Pittermann, 2010) o produciendo 
nuevo xilema durante la primavera para que el transporte de savia pueda 
continuar. Si el calentamiento  global atenúa los rigores del invierno, el riesgo de cavitación durante estos meses podría evitarse o verse reducido.
Respuestas fisiológicas
El cambio climático induce distintas respuestas fisiológicas en 
cada especie modificando las interacciones establecidas entre ellas. Consecuentemente, algunas especies pueden llegar a extinguirse no sólo por su incapacidad de adaptación a las nuevas condiciones sino también a través de la exclusión competitiva por parte de especies mejor adaptadas. Por tanto, bien el cambio climático per se, bien las modificaciones en las 
interacciones interespecíficas, o bien ambas cosas, pueden desestabilizar 
la coexistencia (Tokeshi, 1999; Valladares, 2008). No obstante, en muchos 
casos las plantas pueden responder de forma flexible a los cambios, por 
ejemplo de la disponibilidad hídrica, a través de mecanismos fisiológicos 
(Chesson et al., 2004; McDowell et al., 2008). Así, pueden aumentar su tolerancia al estrés, bien por adaptación local o por la coexistencia de 
múltiples genotipos con varios niveles de tolerancia; modificar su forma y 
función como respuesta a los cambios en el clima (plasticidad fenotípica), 
favoreciendo así la aclimatación a las nuevas condiciones; o presentar una 
elevada variabilidad fenotípica que favorezca reacciones diferenciales al 
mismo estrés de los individuos dentro de una misma población (Lloret et 
al., 2012). Así por ejemplo Peñuelas y colaboradores (2011) señalaron que 
estos mecanismos de origen ecofisiológico permiten la segregación de nicho 
y por tanto la coexistencia. Uno de estos mecanismos hace referencia a la 
eficiencia en el uso del agua, es decir, a la demanda de agua en relación a 
la cantidad de carbono adquirido en distintos niveles de humedad. Este 
cociente se deriva del hecho de que las plantas deben regular la pérdida de 
agua a través de los estomas mientras adquieren el CO2 necesario para la 
fotosíntesis y el crecimiento. Una apertura de estomas máxima conlleva altas 
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ganancias de carbono por fotosíntesis, pero también pérdidas de agua por 
transpiración. Esta eficiencia en el uso del agua debe, por tanto, variar entre especies de forma sistemática a lo largo de gradientes de humedad del suelo 
(Araya et al., 2011). De esta forma, si la disponibilidad hídrica fluctúa, la 
ventaja temporal de una especie se verá equilibrada por la ventaja de otra en otro período del año. Sin embargo, si la disponibilidad hídrica se mantiene 
constante, la exclusión competitiva es más probable que ocurra (Peñuelas et 
al., 2011b). Por tanto, a través del estudio de aquellos aspectos fisiológicos 
(e.g. eficiencia en el uso del agua, conductancia estomática, pérdida de 
conductividad hidráulica de los tejidos, eficiencia fotoquímica) que influyen en el balance de carbono de especies coexistentes desde la atmósfera hasta 
la formación de tejidos, se puede contribuir a entender algunos factores que 
explican la coexistencia y la posible composición futura de las comunidades vegetales ante un clima cambiante. 
Así, un cambio en la vegetación puede tener lugar si la abundancia relativa de las especies dominantes cambian de forma abrupta por encima del rango 
natural de variabilidad temporal (Lloret et al., 2012). Esto puede darse si un 
evento extremo induce la mortalidad de los individuos de una especie y esta especie no tiene los mecanismos endógenos para suplir la pérdida mediante regeneración. Si somos capaces de conocer estos procesos en los distintos ecosistemas, podríamos llegar a minimizar o contrarrestar los efectos del cambio climático, a través de una gestión adecuada sobre todo cuando el sistema no pueda estabilizarse por sí solo. 
A2. Objetivos y estructura de la tesis
El objetivo principal de esta tesis es contribuir a un mejor entendimiento 
de la coexistencia de especies de árboles en bosques mediterráneos a través 
del estudio de los distintos patrones y mecanismos (reglas de ensamblaje), 
que nos permitirán predecir en cierta medida las tendencias futuras ante un clima cambiante. Para conseguirlo, nuestros trabajos deben englobar las principales etapas de vida de las especies coexistentes en una comunidad 
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(semilla, plántula, juvenil y adulto), lo cual proporciona suficiente información 
para conocer qué reglas de ensamblaje o filtros son los más importantes en la estructuración de dicha comunidad.
Concretamente en esta tesis abordamos la coexistencia de cuatro especies 
arbóreas dominantes en bosques mediterráneos continentales (Quercus ilex, 
Q. faginea, Pinus nigra y Juniperus thurifera) a través del estudio de:
1. Los patrones espaciales y las interacciones inter e intraespecíficas 
entre adultos y juveniles observados en parcelas con distinta 
disponibilidad hídrica (capítulo 1).
2. Los mecanismos implicados en la fase de reclutamiento de plántulas 
(desde la fase de semilla hasta la de reclutamiento, capítulo 2).
3. El crecimiento secundario en grosor durante una amplia escala 
temporal y la posible competencia entre adultos, así como del 
comportamiento y la recuperación del crecimiento durante eventos 
extremos de sequía y años climáticamente desfavorables y extremos 
(capítulos 3 y 4).
4. Los rasgos fisiológicos (eficiencia en el uso del agua) que determinan una mejor o peor respuesta de las especies ante el cambio climático 
(capítulo 4).
5. El comportamiento fisiológico (conductancia estomática, pérdida de 
conductividad hidráulica y eficiencia fotoquímica), durante el invierno 
y el verano, comparando especies que habitan en zonas templadas 
donde no se dan sequías estivales con especies que están sometidas a 
fuertes sequías durante el verano (capítulo 5).
Los objetivos específicos son los siguientes:
• Evaluar la hipótesis del gradientes de estrés (mayor facilitación a 
medida que aumentan los niveles de estrés) en un contexto multivariado 
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donde las cuatro especies objeto de estudio coexisten, modificando su 
dominancia a lo largo de gradientes ambientales (capítulo 1).
• Aportar un mejor entendimiento de los mecanismos que están 
contribuyendo a la coexistencia de especies leñosas mediterráneas 
mediante la evaluación de los patrones espaciales (asociaciones 
positivas, segregación o distribución al azar de adultos y juveniles) 
bajo distintos niveles de disponibilidad hídrica (capítulo 1).
• Examinar el comportamiento de las especies coexistentes durante distintas etapas en fases vitales tempranas: destino de la semilla 
(predación, emergencia, infección por patógenos) y de establecimiento 
de la plántula (mortalidad por sequía, por ramoneo y reclutamiento 
tras dos años, capítulo 2).
• Determinar los principales cuellos de botella de la regeneración, 
teniendo en cuenta la dominancia de las especies en cada bosque, la 
heterogeneidad ambiental, las interacciones planta-planta (individuos 
conespecíficos y heteroespecíficos) y planta-patógenos/herbívoros/
consumidores de semillas (capítulo 2).
• Analizar la importancia de procesos poco estudiados en ecosistemas mediterráneos como los procesos de densodependencia negativa 
(capítulo 2).
• Cuantificar la variabilidad del crecimiento secundario en grosor en 
el tiempo comparando especies que difieren en su tipo de madera y 
hábito foliar (capítulo 3).
• Considerar los distintos tipos de formación de madera (madera 
temprana y madera tardía) para conocer las respuestas diferenciales 
de las especies a variables climáticas estacionales (capítulo 3).
• Evaluar de qué forma se ve afectado el crecimiento durante años de 
sequías extremas y comparar la capacidad de cada una de las especies 
para recuperarse dos años después de dichos eventos (capítulo 3).
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• Detectar los efectos del aumento del CO2 atmosférico junto con 
el aumento del estrés por sequía sobre el crecimiento y sobre la 
eficiencia en el uso del agua de las cuatro especies que coexisten en 
ecosistemas mediterráneos continentales (capítulo 4).
• Estudiar si los cambios temporales en la eficiencia del uso del agua 
se ven reflejados en un mayor o menor crecimiento durante años 
contrastados (años climáticamente favorables y desfavorables, 
capítulo 4). 
• Llevar a cabo un estudio comparativo, que combina un meta-análisis 
con un caso de estudio, para conocer las respuestas fisiológicas 
(conductancia estomática, cavitación de los vasos xilemáticos y 
eficiencia fotoquímica) de especies pertenecientes a distintas clases 
funcionales en la transición del verano al invierno (capítulo 5). 
A través del desarrollo de estos objetivos, discutimos las futuras direcciones 
en las cuales hace falta más investigación y pretendemos contribuir a 
rellenar algunas de las lagunas que impiden el correcto entendimiento de 
los ensamblajes de comunidades en ecosistemas mediterráneos. Con el fin 
de cumplir estos objetivos, la presente tesis doctoral incluye cinco capítulos. Todos los capítulos han sido escritos en inglés para su publicación en revistas 
científicas de ámbito internacional. A continuación se expone un resumen de 
cada uno de ellos resaltando las preguntas y los resultados más importantes.
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Capítulo 1. Asociaciones entre árboles juveniles y adultos en un 
ecosistema mediterráneo: falta de evidencia de un aumento de 
la facilitación a mayor aridez
Elena Granda, Adrián Escudero, Marcelino de la Cruz y Fernando ValladaresManuscrito publicado en Journal of Vegetation Science (2012) 23: 164–175
En el primer capítulo se abordó la cuestión de cómo influye la identidad 
de la especie, el microhábitat y la disponibilidad hídrica en las interacciones 
intra- e interespecíficas entre adultos y juveniles en bosques mediterráneos 
continentales (Parque Natural del Alto Tajo, Guadalajara, España). Se 
mapearon un total de 2066 juveniles y adultos de cuatro especies de árboles 
coexistentes (encina –Quercus ilex–, quejigo –Q. faginea–, pino laricio 
–Pinus nigra subsp. salzmannii– y sabina albar –Juniperus thurifera–) en 
17 parcelas y se analizaron los patrones espaciales relacionándolos con los niveles de estrés abiótico. Encontramos patrones espaciales complejos 
que varían dependiendo de la identidad de la especie y del microhábitat. Los juveniles no se encontraron asociados espacialmente a los adultos 
conspecíficos, experimentando segregación en numerosos casos. La mayoría de las asociaciones, tanto positivas como negativas, se encontraron en 
las condiciones más benignas. De esta forma, encontramos que nuestros 
resultados no concuerdan con la hipótesis de que a mayor estrés la facilitación 
(interacción positiva) es más frecuente. Los patrones de regeneración y la 
composición futura de especies se verán influenciados por la tolerancia 
relativa a la sequía que presente cada especie. Este trabajo contribuye a un mejor entendimiento de la coexistencia de especies, destacando la importancia de considerar varias especies en los estudios de análisis espacial 
para superar las limitaciones de escenarios demasiado sencillos y por ello poco realistas.
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Capítulo 2. La heterogeneidad ambiental y los procesos 
dependientes de la densidad modulan la regeneración de 
especies leñosas coexistentes en ecosistemas mediterráneos
Elena Granda, Adrián Escudero y Fernando ValladaresManuscrito en evaluación en Oecologia
En el segundo capítulo, analizamos los filtros que tienen lugar durante 
el proceso de regeneración, el papel que juega la heterogeneidad ambiental 
y los mecanismos implicados para llegar a predecir posibles cambios 
en la coexistencia y dinámica de comunidades, a través de un estudio 
experimental. Se llevó a cabo una siembra en bosques que difieren en la composición de especies, considerando distintos niveles de heterogeneidad 
ambiental. Examinamos: el destino de la semilla (depredación, infección 
por patógenos y emergencia), la supervivencia tras el primer verano y el reclutamiento tras dos años de la siembra, de cuatro especies coexistentes 
en bosques mediterráneos (encina –Quercus ilex–, quejigo –Q. faginea–, pino 
laricio –Pinus nigra subsp. salzmannii– y sabina albar –Juniperus thurifera–). 
La depredación fue la principal causa de pérdida de semillas, y la sequía de 
verano la mayor causa de mortalidad de las plántulas. Tanto la depredación 
como la mortalidad dependieron del tipo de bosque (bosques que varían en 
la densidad y composición de especies), nivel de heterogeneidad ambiental 
(encontrando una menor tasa de mortalidad bajo el dosel arbóreo) y del 
peso de las semillas. Encontramos mayor reclutamiento en zonas donde 
los conespecíficos adultos eran raros, sugiriendo que los procesos de denso-dependencia negativa juegan un papel importante en el proceso de 
regeneración. Diversos procesos, incluyendo los denso-dependientes (mayor mortalidad de semillas de Q. ilex en bosques dominados por conespecíficos 
adultos), así como otros ligados a las interacciones entre plantas como la 
competencia (competencia entre plántulas de J. thurifera y herbáceas en 
la fase de emergencia) y la facilitación (mayor supervivencia bajo el dosel) 
fueron importantes a la hora de modular la regeneración, y por tanto, la futura composición de las comunidades de cada zona. 
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Capítulo 3. La intensidad y estacionalidad de la sequía y del 
calentamiento afectan diferencialmente a los patrones de 
crecimiento de especies coexistentes mediterráneas
Elena Granda, J. Julio Camarero, Teresa E. Gimeno, Jesús Martínez-Fernández y 
Fernando ValladaresManuscrito publicado en European Journal of Forest Research (2013) 132: 469-480.En el tercer capítulo estudiamos las tendencias de cambio climático 
observadas en la zona de estudio durante las últimas décadas (aumento en las temperaturas, alteraciones en los patrones de precipitación, un 
aumento en la variabilidad climática y un aumento en la importancia de 
los episodios de sequía) y su efecto sobre el crecimiento secundario de los 
árboles dominantes. El objetivo principal fue cuantificar la influencia de los cambios climáticos observados sobre el crecimiento secundario en grosor 
de cuatro especies coexistentes en bosques mediterráneos (encina –Quercus 
ilex–, quejigo –Q. faginea–el pino laricio –Pinus nigra subsp. salzmannii– y 
sabina albar –Juniperus thurifera–). Para ello muestreamos testigos de 
madera de árboles maduros, datamos las muestras y medimos los anillos de crecimiento para relacionar el crecimiento con variables climáticas. Los 
resultados mostraron que el quejigo ha visto disminuido su crecimiento en 
las últimas décadas, mientras que el crecimiento de la sabina ha aumentado desde los años 70. Todas las especies vieron reducido su crecimiento durante 
los años de sequías extremas, pero no todas fueron capaces de recuperarse 
transcurridos dos años del evento. No sólo el calentamiento y las variaciones 
en la precipitación, sino además en qué momento del año se produjeron tuvieron efectos contrastados en el crecimiento de las cuatro especies. 
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Capítulo 4. El crecimiento de árboles Mediterráneos y los 
isótopos de carbono indican mecanismos específicos de especie 
ante un aumento del CO2 atmosférico y de la sequía 
Elena Granda, Davi Rodrigo Rossatto, J. Julio Camarero, Jordi Voltas y Fernando 
ValladaresManuscrito en evaluación en OecologiaEn el cuarto capítulo investigamos las respuestas de especies leñosas 
mediterráneas coexistentes en ecosistemas mediterráneos (quejigo –Q. 
faginea–, pino laricio –Pinus nigra subsp. salzmannii– y sabina albar 
–Juniperus thurifera–) al aumento de las concentraciones de CO2 y de la 
sequía. Para ello analizamos los patrones de crecimiento secundario en 
grosor y la eficiencia en el uso del agua (iWUE) durante años climáticamente contrastados desde los años 70 hasta la actualidad. Todas las especies 
aumentaron su iWUE como consecuencia del aumento de CO2 atmosférico 
entre un 15 y un 21% en cuatro décadas. Durante años climáticamente favorables todas las especies aumentaron o mantuvieron el crecimiento a 
medida que aumentaba la iWUE probablemente debido al efecto fertilizador del CO2. Sin embargo, durante años climáticamente desfavorables el quejigo y 
el pino mostraron disminuciones en el crecimiento a medida que aumentaba 
su iWUE, seguramente como consecuencia de una reducida conductancia estomática para ahorrar agua bajo condiciones de estrés hídrico. Por el contrario, la sabina mostró un aumento en el crecimiento durante estos 
años desfavorables según aumentaba la iWUE, sugiriendo que esta especie 
puede verse beneficiada ante el calentamiento junto con aumentos de CO2 atmosférico. Nuestros resultados muestran diferencias significativas en el crecimiento de las especies como consecuencia de las distintas 
respuestas fisiológicas al aumento de estrés. Por tanto, la composición de 
los bosques mediterráneos puede verse alterada debido a los contrastes 
en las capacidades específicas de especies coexistentes para soportar las condiciones de estrés creciente.
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Capítulo 5. Comportamiento ecofisiológico de especies leñosas 
en ecosistemas templados: comparación del impacto de 
extremos estacionales a través de un meta-análisis y un caso de 
estudio mediterráneo
Elena Granda, Christine Scoffoni, Alfredo Rubio-Casal, Lawren Sack y Fernando 
ValladaresManuscrito en evaluación en  American Journal of Botany
En el quinto y último capítulo seguimos una aproximación de dos vías para 
determinar los impactos relativos del estrés estival e invernal en la ecofisiología de plantas leñosas. Llevamos a cabo un meta-análisis recopilando datos de la 
bibliografía de tres clases funcionales (angiospermas deciduas, siempreverdes 
y coníferas), distribuidas a lo largo de bosques templados con y sin sequías estivales. Por otro lado llevamos a cabo un estudio de especies coexistentes en 
bosques mediterráneos para compararlos con los resultados obtenidos en el 
meta-análisis. Como indicadores de la función fisiológica, nos centramos en la conductancia estomática, porcentaje de pérdida de conductividad hidráulica 
del xilema y eficiencia fotoquímica del fotosistema II. Nuestro meta-análisis 
mostró que la conductancia estomática fue mayor durante el verano en relación 
al invierno en bosques que no experimentan sequías, mientras que esta fue 
menor en el verano en zonas con sequías estivales. Además, encontramos 
que muchas especies mantenían los estomas abiertos durante el invierno. 
Por otro lado, la pérdida de conductividad hidráulica y la fotoinhibición 
tendieron a aumentar desde el verano hasta el invierno en la mayoría de las clases funcionales. Nuestro caso de estudio mostró cierta consistencia con 
los resultados encontrados en la bibliografía, pero encontramos que todas 
las especies cerraron estomas en invierno a la vez que aumentaba la perdida 
de conductividad, apoyando la teoría del control parcial de la conductancia 
estomática a través del sistema hidráulico. Los impactos de las sequías de verano en el comportamiento de las plantas han recibido mucha atención en estudios de vegetación mediterránea. Sin embargo, el invierno puede ser igual 
o más estresante que el verano, tal y como muestran nuestros resultados.
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A3. Metodología general 
Zona de estudio y especies
La zona de estudio está localizada en el Parque Natural del Alto Tajo 
(Guadalajara, Castilla-La Mancha, España, 40° 40’ 51’’ N, 02° 04’ 31’’ O, Figura 
A4). La altitud mínima y máxima es 706 y 1881 m s.n.m. respectivamente. El clima es de tipo mediterráneo continental, con una precipitación anual 
media de 500 mm y una pronunciada sequía estival. El rasgo más distintivo 
es lo extremo del clima, con veranos muy secos y calurosos e inviernos muy fríos. La temperatura media anual es de 10.2 °C, siendo enero el mes más 
frío y julio-agosto los más cálidos (Figura A5). Los contrastes térmicos son 
muy fuertes tanto durante el día como a lo largo del año. Las medias de las 
temperaturas máximas y mínimas diarias en enero y en agosto son 8,2 °C y 
-3,5 °C, y 28,5 °C y 10,3 °C respectivamente (Agencia Estatal de Meteorología, 
estación de Molina de Aragón, 40° 50’ 40’’ N, 1° 53’ 07’’O, 1063 m s.n.m, 
periodo 1951-2007). 
Figura A4. Localización del Parque Natural del Alto Tajo en la Península Ibérica 
(Castilla-La Mancha, Guadalajara). Mapa realizado por Jesús Martínez-Fernández.
El sustrato es calizo y los suelos están poco desarrollados, aflorando 
con frecuencia la roca madre, que tiene su origen en la era Secundaria y principios de la Terciaria a partir de la acumulación de materiales tanto 
continentales como marinos que afloraron en superficie con motivo de la 
orogenia alpina (Carcavilla et al., 2008). El Alto Tajo se caracteriza por la 
RESUMEN
24
gran diversidad florística que atesora ya que dentro de sus límites podemos 
encontrar el 20% del total de especies presentes en la flora ibérica (Ferrero et 
al., 2006). Las numerosas paredes rocosas que coronan los cañones fluviales albergan excelentes poblaciones de rapaces rupícolas como el águila real, 
halcón peregrino, alimoche, buitre leonado y búho real. Además de aves, este 
hábitat está ocupado por pequeños grupos de cabra montés, gatos monteses, 
tejones, garduñas, comadrejas y ginetas. Las masas arboladas son lugar de 
reposo y refugio de corzos, ciervos y jabalíes que desde el ocaso hasta el 
amanecer se alimentan en los pastizales y zonas abiertas cercanas (Ferrero 
et al., 2006).
Figura A5. Climodiagrama de la estación de Molina de Aragón (Guadalajara, 40° 
50’ 40’’ N, 01° 53’ 07’’ O, 1063 m s.n.m., 1951-2007). Las barras corresponden a la 
precipitación total mensual media y las líneas y puntos negros, grises y blancos a las 
temperaturas máximas, medias y mínimas mensuales del período 1971-2007. Las 
porciones rellenas y ralladas de la barra horizontal inferior indican los periodos en 
los que se producen heladas de forma segura y probable, respectivamente. Datos de 
la Agencia Estatal de Meteorología (AEMET).
Elegimos para el estudio cuatro especies dominantes y coexistentes en el 
Parque Natural del Alto Tajo (Figura A6): la encina (Quercus ilex subsp. ballota 
(Desf) Samp.), el quejigo (Quercus faginea Lam.), el pino laricio (Pinus nigra 
J.F. Arnold subsp. salzmannii (Dunal) Franco) y la sabina albar (Juniperus 
thurifera L.). Estas especies representan distintos tipos funcionales ya que 
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difieren en muchos de sus rasgos funcionales (véase Tabla A1 en la que se 
nombran algunos de estos rasgos e.g. hábito foliar, arquitectura hidráulica, 
estrategias de tolerancia a la sequía). 
Figura A6. Formaciones y especies dominantes.
Las cuatro especies pueden formar bosques mixtos pero con frecuencia 
se pueden encontrar dominando y dando lugar a distintas formaciones 
boscosas: pinares de laricio que ocupan las zonas de mayor altitud de 
orientación norte; las formaciones dominadas por quejigos o quejigares 
que aparecen intercalados en áreas extensas de pinar o sabinar cuando 
el microclima es más benigno o cuando el suelo gana en profundidad y 
capacidad de retención de agua; bosques de encinas que se asientan en las 
laderas de solana y, ocupando las parameras calizas expuestas al viento con 
suelo más pedregoso, los sabinares albares (Figura A6). Existen numerosas 
zonas de contacto donde las especies se mezclan y coexisten con especies 
arbustivas (Figura A7) como el enebro (Juniperus communis), la sabina mora 
(Juniperus phoenicea), el boj (Buxus sempervirens), la gayuba (Arctostaphyllos 
uva-ursi), los matorrales de labiadas (Rosmarinus officinalis, Thymus vulgaris, 
Lavandula officinalis) y la genista (Genista scorpius).
Figura A7. Especies dominantes en el estrato arbustivo.
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Metodología por capítulo
Durante el desarrollo de la presente tesis doctoral se han utilizado 
diversas técnicas y metodologías. Los materiales y métodos vienen 
descritos detalladamente en cada uno de los capítulos, y son resumidos a continuación:
Datos climáticos
Los datos climáticos (medias mensuales de temperatura y precipitación 
acumulada para cada año desde 1950 hasta 2007) se obtuvieron a partir de 
la estación meteorológica de “Molina de Aragón” (Guadalajara, 40° 50’ 40’’ 
N, 01° 53’ 07’’ O, 1063 m s.n.m., datos proporcionados por la Agencia Estatal 
de Meteorología, AEMET).
Usando los datos climáticos, calculamos los índices: “disponibilidad hídrica o water availability” usado en los capítulos 1, 2 y 3 (WA = P – AET, siendo P la precipitación en mm año-1 y AET la evapotranspiración real) e 
“índice de sequía” P/PET, usado en el capítulo 4 (siendo P la precipitación anual acumulada en mm año-1 y PET la evapotranspiración potencial). 
La evapotranspiración fue calculada de distintas formas: 1) AET, 
evapotranspiración real según el índice de Turc (1954); 2) según un 
método modificado de Thornthwaite (ver Willmott et al., 1985), con un 
software desarrollado por Daniel G. Gavin (http://geography.uoregon.edu/
envchange/pbl/software.html) y 3) PET, evaporación potencial, según el 
índice de Thornthwaite y Mather (1957).
Las variables climáticas para cada parcela se obtuvieron a partir del Atlas 
Climático de la Península Ibérica (ACDPI). Este atlas es un conjunto de mapas 
climáticos, digitales, que incluyen temperatura del aire (mínima, media 
y máxima), precipitación y radiación solar para toda la Península con una 
resolución temporal anual y una resolución espacial de 200 m (Ninyerola et 
al., 2005). Estos mapas se construyen aplicando técnicas de SIG (sistemas 
de información geográfica) usando capas digitales de variables climáticas 
(obtenidas a partir de estaciones meteorológicas) junto con variables 
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geográficas (altitud, latitud, continentalidad, radiación solar y geomorfología 
del terreno obtenidas a partir de modelos digitales de elevación). 
Tenemos además instaladas estaciones meteorológicas (HOBO ® Weather 
Station H21-001; Onset Computer Corporation; Bourne, Massachusetts, 
USA), cuyos datos fueron usados en el quinto capítulo para describir la 
temperatura del aire (°C), la humedad del suelo (m³/m³), la radiación 
fotosintéticamente activa (PAR, μmol·m-2·s-1) y el déficit de presión del vapor 
(VPD, kPa) durante un día típico de verano de 2009 y otro de invierno de 
2010, cuando fueron tomadas las medidas de fisiología.
Análisis de patrones de puntos y frecuencias (Capítulo 1)
Un total de 17 parcelas de 50 x 2 m fueron establecidas perpendicularmente 
a la máxima pendiente. En cada una de las parcelas la localización de adultos y 
juveniles de las cuatro especies fue definida por coordenadas X e Y. Llevamos a cabo un análisis de patrones multivariado basado en tablas de contingencia de 
las frecuencias del vecino más cercano (Dixon, 2002). Dada la posición exacta de cada árbol en la parcela, esta medida de segregación compara la frecuencia de un determinado grupo de individuos con la frecuencia del resto de grupos 
a través de un índice que indica asociación, segregación o distribución al azar. Por otro lado, llevamos a cabo análisis de dependencia entre pares de 
especies y clases de edad con la función-J (Van Lieshout y Baddeley, 1999), 
un test basado en distribuciones de distancias que indica agrupamiento, regularidad o aleatoriedad de los patrones a distintas escalas. La diferencia 
entre ambos análisis es que el primero lleva a cabo comparaciones múltiples 
en el mismo análisis evitando el error de tipo I, además de que no se basa 
en distancias entre individuos sino en la frecuencia con la que cada tipo de patrón aparece como vecino más próximo de cada uno de los otros patrones. 
En el caso de la función-J, los análisis están basados en distancias de pares 
de especies y/o clases de edad, por lo que tiene la ventaja de poder observar 
patrones a distintas escalas (de la Cruz, 2008). 
Asimismo, resumimos las frecuencias de juveniles en distintos 
microhábitats: 1) claros, 2) bajo dosel arbóreo, 3) bajo dosel arbustivo, 
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y 4) bajo la cobertura combinada de árboles y arbustos. Estas frecuencias 
fueron analizadas con modelos log-lineales (Gotelli y Ellison, 2004) que calculan cuáles son los valores de frecuencia esperados para cada una de 
las celdas de la tabla de contingencia en el caso de que las variables fuesen 
independientes, y los comparan con los valores realmente observados. Las 
desviaciones de las frecuencias esperadas fueron representadas con gráficos 
en mosaico (Friendly, 1994, 1999). Estos análisis se llevaron a cabo usando 
los paquetes: ecespa (de la Cruz, 2008) y spatstat (Baddeley y Turner, 2005) 
en el ambiente R (R Development Core Team 2009).
Experimento de siembra y análisis relacionados (Capítulo 2)
Llevamos a cabo un experimento de siembra de las cuatro especies siguiendo un diseño factorial. Las semillas fueron recolectadas en la zona de 
estudio, revisadas para evitar abortos o infecciones y pesadas. Las semillas 
de sabina además fueron sometidas a un proceso de estratificación (García-
Fayos et al., 2008). Seleccionamos cuatro tipos de bosque determinados por 
su composición según las especies dominantes. Un total de ocho bosques 
(dos por tipo de bosque) fueron elegidos con una pendiente, altitud y 
características climáticas similares. Cada bosque estaba formado por tres 
parcelas con cuatro réplicas de dos microhábitats (claros y bajo dosel de 
la especie dominante en cada bosque). Veinte semillas por especie fueron sembradas en cada uno de estos microhábitats, dando lugar a un total de 
15360 semillas sembradas (3840 semillas por especie: 4 tipos de bosque 
x 2 bosques x 3 parcelas x 4 sitios x 2 microhábitats x 20 semillas). Desde 
la siembra hasta el final del experimento (860-980 días) se llevaron a cabo muestreos periódicos para determinar la emergencia, predación, mortalidad 
de las plántulas emergidas y causas. Además, desenterramos las semillas de los Quercus que no habían emergido para esclarecer la causa de la muerte de la semilla. 
Los datos fueron analizados por un lado resumiendo las frecuencias de 
1) emergencia, mortalidad y predación de semillas y 2) causas de mortalidad 
de plántulas (por sequía o ramoneo). Estas frecuencias fueron analizadas para cada especie con modelos log-lineares bajo la hipótesis de si la frecuencia 
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de cada respuesta era independiente del tipo de bosque. Al igual que en el capítulo anterior, estos resultados fueron representados con diagramas 
de tipo mosaico. Para analizar la significación de las distintas variables 
explicativas (peso de semilla, cobertura de herbáceas, tipo de bosque y 
microhábitat) sobre la predación, emergencia, mortalidad tras el primer 
verano y reclutamiento tras dos años usamos modelos generalizados mixtos 
con una distribución binomial (GLMMs; Pinheiro et al., 2000). Construimos 
una batería de modelos por variable respuesta y especie, donde el efecto 
aleatorio era el sitio anidado en parcela y en bosque. El mejor modelo fue 
elegido comparando el AIC siguiendo las indicaciones de Zuur et al., (2007). 
Estos análisis fueron llevados a cabo usando el paquete lme4 (Bates y 
Maechler, 2010) en el ambiente R (R Development Core Team 2011, version 
R2.14.1, Vienna, Austria). Por último, para obtener las curvas de emergencia 
y supervivencia durante el periodo de estudio usamos estimaciones de 
Kaplan-Meier con STATISTICA 6.0 (Statsoft Inc., Tulsa, USA).
Dendroecología: estudio del crecimiento secundario y su relación con el clima 
(Capítulos 3 y 4)
Seleccionamos árboles con un diámetro a la altura del pecho (dbh) similar, 
sin síntomas de decaimiento o infección por patógenos. Usamos barrenas Pressler para extraer tres testigos de madera a 1.3 m de altura por árbol. 
Los testigos fueron pegados en monturas de madera y lijados. Las muestras 
fueron datadas visualmente (Stokes y Smiley, 1968) y los anillos medidos 
con una mesa de medición LINTAB (Rinntech, Heidelberg, Germany), 
separando madera temprana (EW) y madera tardía (LW). La datación visual 
fue comprobada estadísticamente con el programa COFECHA (Holmes, 
1983). La tendencia a disminuir el tamaño del anillo a medida que aumenta el tamaño del árbol fue corregida conviertiendo el incremento radial en 
incremento de área basal BAI = π (rt
2 – rt-12), donde r es el radio del árbol y t es el año de formación del anillo. Establecimos una cronología para cada 
especie y parcela y calculamos las cronologías residuales estandarizadas para eliminar las tendencias de crecimiento relacionadas con la edad 
(Fritts, 1976; Cook y Kairiukstis, 1990) con el programa ARSTAN (Cook, 
1985). Estas cronologías fueron usadas para las correlaciones entre EW 
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y LW y para el cálculo de las correlaciones con el clima (temperatura y 
precipitación mensuales para el periodo 1977-2007), usando el programa 
Dendroclim2002 (Biondi y Waikul, 2004). El BAI fue usado para los modelos 
lineales mixtos (LMMs), llevados a cabo para relacionar el crecimiento con 
el efecto del tamaño del árbol (dbh), tiempo (año), densidad de árboles 
(árboles ha-1) y precipitación anual (mm). La selección del mejor modelo se 
realizó siguiendo las indicaciones de Zuur et al., (2007). Estos análisis fueron 
llevados a cabo usando el paquete nlme (Pinheiro et al., 2000) en el ambiente 
R (R Development Core Team 2011, version R2.10.1, Vienna, Austria). Por 
último, realizamos unos análisis conocidos como SEA (superposed epoch 
analysis o análisis de época superpuesta), para cuantificar las reducciones del 
crecimiento durante eventos extremos de sequía. Este análisis consiste en un test de aleatorización para evaluar las diferencias entre los valores medios de 
crecimiento con aquéllos de los años seleccionados como extremadamente 
secos y dos años antes y después de los eventos de sequía. Este análisis se 
llevó a cabo con el programa Resampling Stats (Bruce, 1991). 
Estudio de los isótopos de carbono estables en los anillos de crecimiento y su 
relación con el CO2 atmosférico y la sequía (Capítulo 4)
Se seleccionaron años climáticamente contrastados (un año favorable 
y otro desfavorable por década, de las cuatro últimas décadas). Los anillos 
de crecimiento de dichos años en 5 árboles por especie y localidad fueron 
separados con una cuchilla (incluyendo madera temprana y tardía). La celulosa de cada anillo fue extraida para obtener α-celulosa purificada siguiendo el 
método de Leavitt y Danzer (1993). La α-celulosa fue encapsulada y analizada 
con un espectrómetro de masas de relaciones isotópicas DELTA PLUS 
Finnigan MAT acoplado a un analizador elemental FLASH EA 1112 en la Stable 
Isotope Facility de la Universidad de California, Davis, USA. Con los datos de 
composición isotópica (d13C ‰) de las muestras se calculó la eficiencia en el uso 
del agua (iWUE) siguiendo las ecuaciones propuestas por Francey y Farquhar 
(1982). Los datos de la composición isotópica de d13C atmosferíco fueron 
obtenidos de McCarrol y Loader, 2004 y de la página web del Earth System 
Research Laboratory http://www.esrl.noaa.gov/gmd/about/aboutgmd.html 
para los años 2005 y 2007. Las concentraciones de CO2 atmosférico para el 
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perido de estudio fueron obtenidos de la estación de Manua Loa (disponibles 
en http://cdiac.ornl.gov/). Los datos fueron analizados a través de modelos 
lineales mixtos (LMMs) siguiendo las recomendaciones de Zuur et al. (2007), 
para explicar la influencia de la sequía, CO2 atmosférico y tamaño del árbol 
(dbh) sobre el crecimiento (BAI) y eficiencia en el uso del agua (iWUE), así 
como para modelizar el crecimiento durante años climáticamente favorables y 
desfavorables a medida que aumentaba la iWUE. Estos análisis fueron llevados 
a cabo usando el paquete nlme (Pinheiro et al., 2000) en el ambiente R (R 
Development Core Team 2011, version R2.10.1, Vienna, Austria).
Estudio del comportamiento fisiológico: conductancia estomática, cavitación y 
eficiencia fotoquímica (Capítulo 5)
Se seleccionaron entre 3 y 12 individuos por especie y se llevaron a 
cabo medidas en 3-7 hojas (para conductancia estomática –gs– y eficiencia 
fotoquímica –Fv/Fm–) o ramas (para pérdida de conductividad hidráulica 
–PLC–) en el verano de 2009 y en el invierno de 2010. La conductancia estomática al vapor de agua (gs; mmol·m–2·s–1) fue medida con un porómetro 
SC-1 (Decagon Devices, Inc.; Pullman, Washington, USA) entre las 10:00 y las 
12:00. La eficiencia fotoquímica del fotosistema II (Fv/Fm) fue medida con 
un fluorómetro FMS-2 (Hansatech, UK) bajo concentraciones atmosféricas de CO2 en hojas adaptadas a la oscuridad durante 30 minutos. La pérdida de conductividad hidráulica fue medida en segmentos de ramas del año en curso. 
Las ramas fueron cortadas bajo agua y transportadas al laboratorio. Segmentos 
de 2-3 cm para las coníferas y de 4.5-5.5 cm para los Quercus fueron cortados 
bajo agua, eliminando la corteza y el floema en los extremos para conectarlos 
al sistema que mide la conductancia hidráulica: XYL’EM (Intrutec Company, 
H. Cochard y T. Ameglio, INRA-PIAF Laboratory, Clermont-Ferrand, Francia), 
un sistema basado en un medidor de flujo de alta resolución (Liquiflow; 
Bronkhorst; Montigny les Cormeilles, Francia). Se midió la conductividad inicial, después de lo cual se aplicó una presión de 0.1 MPa durante 2 minutos para eliminar las embolias. A continuación se volvió a medir la conductividad para obtener el valor máximo de la misma. La pérdida de conductividad 
(PLC) se calcula como el ratio entre la conductancia inicial y la máxima (en 
%). Se llevaron a cabo análisis de la covarianza (ANCOVAs) para el análisis 
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de los datos obtenidos en la bibiliografía y para nuestro caso de estudio. En 
casos en los que no se cumplía la asunción de normalidad (después de ser 
transformadas), se realizaron tests no paramétricos de Kruskal-Wallis. Estos 
análisis estadísticos fueron llevados a cabo en el ambiente R (R Development 
Core Team 2011, version R2.10.1, Vienna, Austria).
A4. Conclusiones generales
Integrando los resultados de los cinco capítulos de esta tesis doctoral, se pueden extraer las siguientes conclusiones:
1. Los patrones espaciales observados muestran que los juveniles no se encuentran asociados a adultos de su misma especie, presentando segregación en muchos casos. No sólo los patrones observados sino también los resultados de los experimentos de siembra, apuntan a las 
mismas conclusiones: existen mecanismos o filtros que favorecen el reclutamiento a cierta distancia de los árboles parentales promoviendo 
así la coexistencia (ver punto 5).
2. Los juveniles se encontraron con mayor frecuencia bajo dosel, bien de 
arbustos o de adultos heteroespecíficos. Sólo en el caso de la encina, 
los juveniles fueron encontrados con mayor frecuencia en los claros 
en zonas donde la disponibilidad hídrica era mayor, indicando que en 
condiciones mas húmedas la protección que puede ofrecer el dosel no compensa con los costes por la limitación lumínica.
3. Los juveniles de todas las especies se encontraron asociados entre sí 
pero segregados de los juveniles de las otras especies, indicando que 
no comparten los mismos microhábitats (diferenciación de nicho).
4. Las interacciones positivas (facilitación) no aumentaron en las 
condiciones más estresantes, sino que tanto las interacciones positivas como las negativas fueron más frecuentes en las parcelas de menor 
RESUMEN
34
estrés hídrico. Por tanto rechazamos la hipótesis de gradientes de estrés en nuestra zona de estudio.
5. Los filtros más importantes para el reclutamiento incluyen la 
predación (por lo que destacamos la importancia de que las semillas sean dispersadas a sitios seguros donde ésta sea de menor 
intensidad), procesos de densodependencia negativa (como una 
mayor infección por patógenos en semillas de encina en los bosques 
donde sus adultos conespecíficos son dominantes) y las interacciones 
planta-planta (competencia de plántulas de sabina con herbáceas; 
facilitación dado el mayor reclutamiento de todas las especies bajo 
los doseles).
6. La mortalidad durante el primer verano resultó muy elevada para todas las especies, particularmente en los claros. Las plántulas de Quercus 
que emergieron más tarde y a partir de semillas más grandes murieron 
menos, indicando que probablemente un mayor desarrollo radicular les permite sobrevivir ante situaciones de elevado estrés hídrico. Por 
el contrario, la mortalidad de las sabinas fue muy reducida, indicando 
que una vez que emergen (en muy baja proporción) presentan una alta probabilidad de sobrevivir a pesar de las condiciones estresantes. Las 
semillas de pino no llegaron a emerger, sugiriendo que las condiciones 
de sequía experimentada impidieron el reclutamiento inicial durante ese año.
7. El reclutamiento de las dos especies de Quercus fue mayor en los 
pinares, mientras que las sabinas regeneraron mejor en encinares, lo cual sugiere un futuro reemplazamiento de las comunidades vegetales, 
que no tiene por qué indicar un desplazamiento de ciertas especies 
sino que puede dar lugar a la formación de mosaicos de vegetación 
dinámicos en el tiempo y en el espacio.
8. Los árboles adultos de Quercus presentaron tasas de crecimiento 
secundario en grosor muy bajas en comparación con las coníferas. Sin 
embargo, mientras que la encina y el pino mantuvieron tendencias 
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estables en el tiempo, el quejigo vio reducido su crecimiento y la sabina 
aumentó el crecimiento en las últimas décadas (desde 1977-2007).
9. Todas las especies mostraron aumentos en el crecimiento con mayores 
niveles de precipitación. Sin embargo, el momento concreto en el que 
se produjeron las lluvias y los aumentos de tempeartura dio lugar a respuestas contrastadas por parte de las distintas especies.
10. Durante años de sequía extrema, todas las especies vieron reducido su crecimiento, pero no todas fueron capaces de recuperarse de la 
misma forma. Mientras que la encina, el pino y la sabina recuperaron 
sus tasas de crecimiento dos años después de la sequía (el pino incluso 
aumentando dichas tasas con respecto a años anteriores), el quejigo no fue capaz de recuperarse por completo.
11. La eficiencia en el uso del agua (iWUE) ha aumentado en todas las 
especies desde los años 70. Mientras que este incremento es debido en gran parte al aumento de CO2 atmosférico, en el caso del pino y del 
quejigo, también se vio influido por la sequía (mayor iWUE a mayor CO2 y sequía).12. Durante años climáticamente favorables, todas las especies aumentan 
el crecimiento a medida que aumenta el iWUE, lo cual sugiere un incremento de la captación de CO2 en ausencia de estrés climático. Por 
el contratio durante años desfavorables, el quejigo y especialmente 
el pino, vieron reducido su crecimiento a medida que aumentaba el 
iWUE, sugiriendo que estas especies están priorizando la regulación de la pérdida de agua cerrando los estomas en condiciones de estrés hídrico. La sabina aumentó su crecimiento durante años 
climáticamente desfavorables a medida que aumentaba el iWUE, por 
lo que parece beneficiarse del incremento de CO2 y temperaturas a pesar de las condiciones más áridas.
13. Encontramos variaciones en las respuestas fisiológicas entre especies 
leñosas y comunidades de zonas templadas ante los extremos estacionales 
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(verano e invierno). Comprobamos que los inviernos son mucho más 
estresantes que los veranos para especies que habitan en zonas donde no 
hay sequía estival. Por el contrario, en zonas con sequías estivales el verano 
suele ser más estresante que el invierno como reflejó la conductancia estomática.
14. Sin embargo, en nuestro caso de estudio, donde las especies están 
sometidas tanto a sequía estival como a heladas en invierno, el 
invierno resultó ser más estresante que el verano. Todas las especies experimentaron disminuciones en la conductancia estomática durante el invierno con respecto al verano, aumentos del porcentaje de pérdida 
de conductividad hidráulica (a excepción de la encina) y disminuciones 
en la eficiencia fotoquímica. 
B. Capítulos

CHAPTER 1
Juvenile-adult tree associations in a 
continental Mediterranean ecosystem: no 
evidence for sustained and general facilitation 
at increased aridity
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1.1.- Summary
Question: How do tree species identity, microhabitat and water 
availability affect inter and intraspecific interactions between juvenile and 
adult woody plants?
Location: Continental Mediterranean forests in Alto Tajo Natural Park, 
Guadalajara, Spain.
Methods: 2066 juveniles and adults of four co-occurring tree species 
(Quercus ilex; Q. faginea; Pinus nigra and Juniperus thurifera) were mapped 
in a total of 17 plots. The frequency of juveniles at different microhabitats 
and water availability levels was analyzed using log-linear models. We used 
nearest-neighbor contingency table analysis of spatial segregation and 
J-functions to describe the spatial patterns.
Results: We found a complex spatial pattern that varied according to 
species identity and microhabitat. Recruitment was more frequent in gaps for Q. ilex, while the other three species recruited preferentially under 
shrubs or trees depending on the water availability level. Juveniles were 
not spatially associated to conspecific adults, experiencing segregation from 
them in many cases. Spatial associations, both positive and negative, were 
more common at higher water availability levels.
Conclusions: Our results do not agree with expectations from the stress-
gradient-hypothesis, suggesting that positive interactions do not increase 
in importance with increasing aridity in the study ecosystem. Regeneration 
patterns are species specific and depend on microhabitat characteristics 
and dispersal strategies. In general, juveniles do not look for conspecific adult protection. This work contributes to the understanding of species coexistence, proving the importance of considering a multispecies approach at several plots to overcome the limitations of simple pairwise comparisons in a limited number of sites.
Keywords: Water availability, spatial patterns, stress gradient 
hypothesis (SGH), regeneration, Quercus ilex, Quercus faginea, Pinus nigra, 
Juniperus thurifera.
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1.2.- Introduction
Spatial patterns of adult plants in Mediterranean ecosystems are the 
result of seed dispersal and complex environmental filters occurring at 
the earliest life stages (Tirado and Pugnaire, 2003), which are later either 
mitigated or exacerbated by plant-plant interactions (Kunstler et al., 2007). It is well known that the main limiting factor during plant establishment in 
these ecosystems is drought coupled with heat and intense irradiance. Water 
shortage represents the most important factor for juvenile mortality and 
constitutes a key environmental filter structuring community assemblages 
and dynamics in Mediterranean ecosystems (Espelta et al., 1995; Gómez-
Aparicio et al., 2004; Sánchez-Gómez et al., 2006b). High irradiance further 
reduces soil water availability, increases evaporative demand and causes 
photoinhibition significantly decreasing carbon assimilation (Valladares et 
al., 2005a). In mesic conditions light limitations are more important than 
moisture limitations, so plants tend to recruit in gaps (Holmgren et al., 1997), 
with intermediate situations showing complex patterns influenced by both 
water and light availability (Kunstler et al., 2006; Valladares et al., 2008). 
Increasing evidence shows that the filtering effect of these abiotic factors affects 
the sign and intensity of biotic interactions. The ´stress gradient hypothesis´ 
proposes that facilitation increases under stressful conditions (Bertness and 
Callaway, 1994), but recent refinements (Michalet, 2006; Maestre et al., 2009) 
suggest that positive interactions may diminish at extreme stress conditions. 
Positive and negative interactions typically occur simultaneously due to shifts 
along ontogeny and to the high number of interacting factors and species in 
a community, being the balance between them critical for the community 
organization (Callaway and Walker, 1997; Miriti, 2006). Yet, these biotic 
interactions and the individual response to the numerous filtering factors 
vary depending on many factors such as species identity, intensity of the 
biotic or abiotic stress, the physiological requirements of the species and a 
number of indirect interactions (Callaway and Walker, 1997; Kunstler et al., 
2006; Valladares et al., 2008; Maestre et al., 2009).
Since plants are sessile, the most intuitive way for approaching plant 
communities is by describing the spatial organization of the individuals 
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(Watt, 1947). Spatial structures can be used to relate the observed patterns 
to underlying ecological processes (Dale, 1999) and if the appropriate 
spatial statistical tools are used, it is possible to infer causal hypotheses 
relating processes to patterns (Tirado and Pugnaire, 2003; McIntire and 
Fajardo, 2009). The main underlying processes which could be responsible 
for aggregation patterns are habitat heterogeneity, including effects on 
dispersal to favorable seed sinks, and facilitation, whereas regularity can result from intense competition for some limiting resource such as light 
and, in arid environments, water (Kunstler et al., 2006; Perry et al., 2006). 
However, the spatial patterns of individual plants in the field are usually 
complex and the many and interacting underlying mechanisms can make the functional interpretation of these patterns cumbersome. Point pattern 
analyses and other spatial statistical tools have been frequently used to 
infer competitive and facilitative interactions among woody species (Tirado 
and Pugnaire, 2003; Escudero et al., 2005; Fajardo et al., 2008). Despite its 
importance, the scaling up to the whole community of the numerous pairwise 
species interactions experiencing facilitation or competition has rarely been attempted. Some approaches have been conducted using indices of co-
occurrence and adequate null models (Gotelli, 2000), but their limitation 
at the multispecies level is notorious. Popular point pattern analysis tools 
such as the bivariate or crossed K-functions (Lotwick and Silverman, 
1982) have also been employed in this context but they have not a clear and direct interpretation in biological terms. Instead, we advocate the use 
of two neglected tools in plant ecology such as the analysis of segregation 
of species based on the nearest neighbor contingence tables (Dixon, 2002) 
and the between types J-function (Van Lieshout and Baddeley, 1999). The 
Dixon´s indices have a clear biological interpretation as the tendency of a 
species (or species stage) to be associated with itself or with other species. This multispecies approach has also other practical advantages such as the 
absence of conflicting results that sometimes occur with pairwise test. On 
the other hand, the between types J-function can be regarded as an index 
of dependence between types in a multispecies spatial pattern so their 
results can be directly read within the context of biological interactions in a 
multispecies context. This approach based on poorly used spatial statistics and the consideration of numerous stands covering the environmental range 
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of the whole study area can overcome the limitations of most studies which are either based on transplants, focused on spatial patterns at single plots, or 
limited to relatively simple pairwise scenarios.
We have conducted an observational study exploring the spatial patterns of juvenile and adult individuals of four dominant tree species 
in a continental Mediterranean ecosystem covering the whole range of 
environmental conditions in which these four species coexist. Our study 
system is a continental Mediterranean forest-shrubland dominated 
by junipers, evergreen and marcescent oaks, and pines. These woody species coexist but differ in abundance and demographic structure over a 
topographically complex landscape, and they give rise to four types of forest 
that are found over a wide climatic range. This model system is adequate to 
test the SGH in a multivariate context in which several tree species coexist 
varying their dominance along environmental gradients. Additionally, we want to contribute to a better understanding of the mechanisms controlling 
the coexistence of Mediterranean tree species by the explicit evaluation of 
spatial patterns at different levels of water availability. We hypothesized that 
(a) the recruitment is more frequent under canopy due to milder abiotic 
conditions; (b) the spatial association of juveniles with adults increases as 
water availability decreases according to SGH; (c) inter and intraspecific 
interactions vary for different interacting species and for different 
microhabitats due to different tolerances to limiting or stressful factors by each species. 
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Figure 1. Map of the Alto Tajo study area in Spain. Plot names (as in Table 1) are 
indicated according to the water-availability level: high water availability and low 
water availability (HWA and LWA, respectively).
1.3.- Materials and methods
Study area and species
The study area is located in Alto Tajo Natural Park, in the central part 
of Spain (Guadalajara, Castilla-La Mancha, Spain, 40° 40’ 51’’ N, 02° 04’31’’ 
W). The altitude varies from 706 to 1881 m a.s.l. The climate is continental 
Mediterranean with hot and dry summers and cold winters, with a mean annual temperature of 10.2 °C and a mean annual precipitation of 500 
mm. The maximum and minimum daily mean temperatures in January and 
August are 8.2 °C and -3.5°C, and 28.5°C and 10.3°C respectively (Agencia 
Estatal de Meteorología, Molina de Aragón weather station, 1971-2000). 
The soils are poorly developed and formed mainly from Cretaceous and 
Jurassic limestone.
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We selected the following four types of forests, which are frequent and 
representative of Mediterranean ecosystems in continental areas: (i) juniper forests at high plateaus with Juniperus thurifera L. as the dominant species, (ii) pine forests of Pinus nigra J.F. Arnold subsp. salzmannii (Dunal) Franco, (iii) 
marcescent oak forests dominated by Quercus faginea Lam., that occupies more 
benign areas with deeper soil, and (iv) Holm oak forests with Quercus ilex subsp. 
ballota (Desf) Samp. as the dominant species, usually at south faced slopes. 
Although the dominance is always evident by one species, the other three tree 
species also appear in all the forest stands. In addition, the understory vegetation 
is dominated by the woody species Genista scorpius, Juniperus communis, 
Juniperus phoenicea, Juniperus oxycedrus, Buxus sempervirens, Arctostaphyllos 
uva-ursi, Rosmarinus officinalis, Thymus vulgaris and Lavandula officinalis.
Sampling
A total of 17 plots (50 x 2 m) were set up perpendicular to the maximum 
slope. Four plots per forest type (Holm oak forest, marcescent oak forest 
and Spanish juniper forest) and five plots of pine forests were randomly 
selected (Table 1; Figure 1). Data were collected from December 2007 to April 2008. All the individuals of Quercus ilex subsp. ballota, Quercus faginea, 
Pinus nigra subsp. salzmannii and Juniperus thurifera were mapped at each 
plot. The height and dbh (diameter at breast height) of every individual 
were measured, as well as the microhabitat where they were located. We 
considered four types of microhabitats at each plot: 1) gaps, 2) under the 
canopy of shrubs, 3) under the combined canopy of shrubs and trees, and 4) 
under trees. Individuals smaller or equal to 1 m of height were considered as 
juveniles (seedlings and saplings) and the ones greater than 1 m as adults.
Environmental data
Climatic variables for each plot were obtained from the Digital Climatic 
Atlas of the Iberian Peninsula (ACDPI). The ACDPI is a set of digital climatic 
maps of air temperature (minimum, mean and maximum), precipitation and 
solar radiation for the whole Iberian Peninsula, with a monthly and annual 
temporal resolution and a spatial resolution of 200 m (Ninyerola et al. 2005). 
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Data for the climatic variables were obtained from meteorological stations 
(1951-1999 period), and data for geographic variables were elaborated from 
a 200 m resolution digital elevation model (DEM) of the Iberian Peninsula. 
Multiple regression coefficients were used to build the final maps, using digital 
layers for each geographic variable (altitude, latitude, continentality, solar 
radiation and geomorphology of the terrain) and applying GIS techniques.
Using these data we calculated the evapotranspiration of each plot according 
to an index proposed by Turc (1954): ET= (P/√0.9) + (P2/L2), were ET is 
annual evapotranspiration (mm/year); P is annual precipitation (mm/year); 
L=300+25t+0.05t3 and t is the mean annual temperature (°C). The 17 study plots 
were classified in two groups (high and low-water-availability plots) considering 
water availability as annual precipitation minus annual evapotranspiration 
(Table 1). The classification of the plots was established according to K-means 
clustering performed with SPSS version 17.0 (Inc. Chicago, Illinois).
Analysis of the frequency of juveniles at different microhabitats and water-
availability levels
In order to test the frequency of individuals depending on their location, we 
built contingency tables (Table 2) summarizing the frequency of juveniles of 
the four species located at different microhabitats (in gaps, under the canopy 
of shrubs, under the combined canopy of shrubs and trees or just under 
trees). These contingency tables were built for the two groups of plots (high 
and low-water-availability plots –HWA-plots and LWA-plots, respectively–) 
and analyzed using log-linear models. The juveniles of J. thurifera were 
extremely rare in the HWA-plots so they were excluded from this analysis 
in the mentioned plots. The log-linear models fit the expected cell counts 
to the marginal sums of the contingency table (see Agresti 1996 or Gotelli 
and Ellison, 2004). Deviations from expected frequencies were displayed 
and explored with mosaic plots (Friendly, 1994), as recommended by Gotelli 
and Ellison (2004). The mosaic plot is a graphical method for visualizing 
contingency tables and for building models to account for the associations 
among its variables (Friendly, 1994, 1999). All these statistical analyses were 
performed using the R software (R Development Core Team 2009).
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Table 2. Contingency table of the juvenile frequencies of Q. ilex (QIj), Q. faginea (QFj), 
P. nigra (PNj) and J. thurifera (JTj) in two types of plots that differ in water-availability 
level (WA-level): high-water-availability plots (HWA) and low-water-availability plots 
(LWA). The number of individuals is expressed at different microhabitats: located in 
gaps (Gap); located under the canopy of shrubs (Shrubs); located under the combined 
canopy of shrubs and trees (Shrubs+Trees); located under trees (Trees).
MicrohabitatSpecies WA-level Gap Shrubs Shrubs+Trees Trees TotalQIj HWA 122 24 18 216 380
LWA 141 76 91 237 545QFj HWA 38 31 23 109 201
LWA 24 32 51 50 157PNj HWA 57 16 7 262 342
LWA 19 7 2 25 53
JTj HWA 1 0 0 1 2
LWA 27 28 7 39 101
Total 429 214 199 939 1781
Analysis of nearest neighbor contingency tables 
Spatial patterning was analyzed using the nearest-neighbor contingency 
table analysis of spatial segregation (Dixon, 2002). This test of multi-way 
contingency tables described by Dixon (2002) and based on nearest neighbor 
distances for multiple species offers one potential way to avoid performing a 
large number of pairwise tests (Perry et al., 2006). Given the exact position 
of each tree in the plot, this measure of segregation compares the frequency 
of a given group of individuals to the frequency of all other groups (juveniles 
and adults of each species). The segregation index for a type of trees or a group in a multispecies spatial pattern is Si = log[(Nii/Ni-Nii)/(Ni-1)/(N-Ni)], where Si is the segregation index for the type of trees i, Nii is the frequency of tree i as a neighbor of trees i, Ni is the number of trees i and N is the total number of locations. Values of Si > 0 indicate that trees type i are positively associated. The larger the value of Si, the more extreme the association. Values of Si < 0 indicate that species i is found as a nearest neighbor of itself 
less frequently than expected under random labeling. Values of Si close to 0 are consistent with random labeling of the neighbors of species i. 
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For analyzing the association between two different types of points, 
Dixon (2002) also proposed the so-called “pairwise segregation index” that 
can be constructed for the off-diagonal elements of the contingency table: Sij 
= log[(Nij/Ni-Nij)/Ni/((N-Nj)-1)]. Sij is larger than 0 when Nij, the frequency of neighbors of species j around points of species i is larger than expected under 
random labeling (hereafter “positive association”), and less than 0 when Nij 
is smaller than expected under random labeling (hereafter “segregation”). 
As a species/neighbor-specific test, Dixon (2002) proposed the statistic Zij = 
(Nij -ENij)/√Var Nij, where j may be the same as i and ENij is the expected count 
in the contingency table. It has an asymptotic normal distribution with mean 
0 and variance 1; its asymptotic p-value was obtained from the numerical evaluation of the cumulative normal distribution. All these statistical 
analyses were conducted using the package ecespa (de la Cruz, 2008) in the 
R environment (R Development Core Team 2009).
Associations among and within species and age classes at different distances
In order to analyze the association between pairs of species and age 
classes we estimated the corresponding bivariate J-function (Van Lieshout 
and Baddeley, 1999) : Jij(t) = (1 – Gij(t))/(1-Fj(t)), defined for all t ≥ 0 with Fj 
(t) ≠ 0, where the function Gij (t) is the cumulative distribution of distances 
from a random tree of type i to the nearest individual of type j and Fj (t) is the 
distribution function of the distance from a fixed tree in space to the nearest 
individual of type j in the pattern. If the subprocess of type i is independent 
of the subprocess of type j, then Jij (t) = 1. Hence, deviations of the empirical 
estimate of Jij (t) from the value 1 may suggest dependence between types 
(Van Lieshout and Baddeley, 1999). Values Jij > 1 should be interpreted as “negative association”, while values smaller than 1 suggest “positive 
association”. We chose this function as it can be calculated without correcting 
the edge effect (see Baddeley et al., 2000). The null hypothesis chosen was 
random labeling which is the same as the one used in the previous analysis 
(see Diggle, 1983). All these statistical analyses were conducted using the 
spatstat package (Baddeley and Turner, 2005) in the R environment (R 
Development Core Team 2009).
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1.4.- Results
Two groups of plots were classified by a clustering analysis (Table 1) based on environmental factors. These two groups are hereafter referred to 
as high-water-availability and low-water-availability plots (HWA-plots and 
LWA-plots, respectively). A total of 2066 individuals (1027 in HWA-plots and 
1039 in LWA-plots), of which 1781 were juveniles (Table 2), were mapped in the 17 plots. The total number varied between 410 individuals of Q. ilex to 22 of J. thurifera in HWA-plots and between 601 individuals of Q. ilex to 112 of 
P.nigra in LWA-plots. The HWA-plots significantly differed in all the climatic 
variables compared with the LWA-plots. The mean annual temperature (t15 = 
2.39, p = 0.029), precipitation (t15 = 6.99, p < 0.001), evapotranspiration (t15 
= 6.01, p < 0.001) and water availability (t15 = 7.06, p < 0.001) were higher, 
while the radiation (t15 = -2.76, p = 0.014) was lower in the HWA-plots than 
in LWA-plots. The four types of forests (Holm oak, marcescent oak, pine and 
juniper forests) were present in each of the two groups of plots. The species 
and age classes found, the density of the juveniles and adults, and the basal area, topographic and climatic data for each plot are shown in Table 1. 
The results showed that recruitment was more frequent under canopy for 
some of the species but depending on the water availability level. However, 
juveniles were not associated to conspecific adults. We observed a higher 
percentage of interactions, both positive and negative, in HWA-plots rather 
than in LWA-plots.
Frequency of juveniles at different microhabitats and water-availability levels
There were significant differences in the frequencies of the juveniles of 
the four species depending on the microhabitat (Figure 2) at both HWA and 
LWA-plots (HWA-plots: X2 = 77.50, df = 6, p<0.0001; LWA-plots: X2 = 57.16, df 
= 9, p < 0.0001). In the HWA-plots the juveniles of Q. ilex were more frequent 
than expected by random in the gaps (Figure 2a). However, the significance 
disappeared in the plots with less water availability (Figure 2b). We found a 
higher frequency of the juveniles of Q. faginea under shrubs and under the 
combined canopy of shrubs and trees in HWA-plots but no significant results 
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were found in gaps (Figure 2a). Yet, in LWA-plots the frequency was lower 
in gaps and higher under the combined canopy of shrubs and trees. P. nigra 
juveniles were more frequent in HWA-plots (Figure 2a; 2b). In this case the 
juveniles were more frequently located under the trees but not in gaps, nor 
under the canopy of shrubs or shrubs and trees together. The juveniles of J. 
thurifera were mostly present in the LWA-plots, being rare in the HWA-plots 
(Table 2). In the former plots (Figure 2b), they were more frequently located 
under shrubs and less under the combined canopy of shrubs and trees. 
Figure 2. Mosaic plots of the observed frequency of the juveniles of Q. ilex (QIj), 
Q. faginea (QFj), P. nigra (PNj) and J. thurifera (JTj) in different microhabitats: in 
gaps (Gap), under the canopy of shrubs (Shrubs), the combined canopy of shrubs 
and trees (Shrubs+Trees) or just under trees (Trees), in (a) plots with high water 
availability (HWA-plots) and (b) plots with low water availability (LWA-plots). 
Juveniles of J. thurifera were not considered for HWA-plots as just 2 individuals were 
found in these plots. The area of each rectangle is proportional to the cell frequency 
of the corresponding contingency table. Solid and broken lines indicate respectively 
positive and negative deviations from the expected frequencies. The shading of 
each rectangle is proportional to the standardized residuals from the fitted model 
(values indicated in the legend). Light-gray and black rectangles indicate significant 
deviations from the expected cell frequencies (at approximately α = 0.05 and α = 
0.0001, respectively). 
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Table 3. Summary of the results for the spatial pattern, analyzed using the nearest-
neighbor contingency table analysis of spatial segregation (Dixon, 2002). The number of plots that have each species combination, as well as the percentages 
of significant positive an negative values of the segregation index are shown. The 
plots are classified according to the water availability level (HWA-plots: high-water-
availability plots and LWA-plots: low-water-availability plots). “Tree” means the 
focal tree and “NN” is the nearest neighbor (QI: Q. ilex; QF: Q. faginea; PN: P.nigra; JT: 
J. thurifera; followed by an -a for adults or by a -j for juveniles).
HWA plots LWA plotsTree NN Nr. of plots with species combination % of sig. positive values % of sig. negative values Nr. of plots with species combina-tion % of sig. positive values % of sig. negative valuesQIj QIj 5 100% 0% 9 44% 0%QIa 3 0% 33% 4 0% 50%QFj 5 0% 60% 5 0% 0%QFa 2 0% 0% 2 0% 0%PNj 3 0% 67% 3 0% 0%PNa 4 25% 0% 4 0% 0%
JTj 0 - - 4 0% 25%
 JTa 0 - - 4 0% 25%QFj QIj 5 0% 60% 5 0% 0%QIa 3 0% 0% 1 0% 0%QFj 6 33% 0% 6 0% 0%QFa 2 0% 0% 3 0% 33%PNj 3 0% 33% 3 0% 33%PNa 4 75% 0% 5 0% 0%
JTj 1 0% 0% 1 0% 0%
 JTa 1 0% 0% 1 0% 0%PNj QIj 3 0% 33% 3 0% 0%QIa 2 0% 0% 1 0% 0%QFj 3 0% 67% 3 0% 33%QFa 1 0% 0% 2 0% 0%PNj 3 67% 0% 3 33% 0%PNa 3 0% 33% 3 0% 0%
JTj 1 0% 0% 1 0% 0%
 JTa 1 0% 0% 1 0% 0%
JTj QIj 0 - - 4 0% 0%QIa 0 - - 2 0% 0%QFj 1 0% 0% 1 0% 0%QFa 0 - - 1 0% 0%PNj 0 - - 0 - -PNa 0 - - 1 0% 0%
JTj 0 - - 4 25% 0%
 JTa 1 - - 5 0% 0%
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Inter and intraspecific associations between juveniles and adults
The results of the nearest neighbor analyses showed more cases of 
significative spatial associations (Table 3) in the HWA-plots (42%) compared 
to the LWA-plots (13%), suggesting stronger spatial interactions between 
individuals when the climatic conditions are milder. A 20% of the HWA-plots 
showed positive associations and 22% segregation, whereas in LWA-plots 
only a 6% showed positive associations and 7% segregation.
Our results showed a strong evidence of a positive association among the juveniles of Q. ilex (Table 3, Table S1), indicating a patchy distribution. Q. ilex juveniles were segregated from the juveniles of P. nigra and of Q. faginea in 
the HWA-plots, and with the juveniles of J. thurifera in LWA-plots (Table 3). 
We also found segregation between the juveniles and adults of Q. ilex (HWA-
plots and LWA-plots), as well as between the juveniles of Q. ilex and the adults of J. thurifera (LWA-plots). The only positive association found for the juveniles of Q. ilex with other species was the one with the adults of P. nigra, 
which were positively associated just in one HWA-plot. The juveniles of Q. 
faginea were positiveliy associated in HWA-plots but not in LWA ones (Table 
3; Table S1). They were found to be segregated from P. nigra juveniles (HWA-
plots and LWA-plots), from Q. ilex juveniles (HWA-plots) and from adults of 
Q. faginea in LWA-plots. The juveniles of Q. faginea were positively associated with adults of P. nigra in almost all the HWA-plots but in none of the LWA-plots. P. nigra juveniles (Table 3; Table S1) were positively associated in 67% 
of the HWA-plots and in 33% of the LWA-plots. These individuals presented 
segregation from their conspecific adults and from Q. ilex juveniles just in 
HWA-plots, and from Q. faginea juveniles (67% of the HWA-plots and 33% 
of the LWA-plots). J. thurifera juveniles (Table 3; Table S1) were positively 
associated in 25% of the LWA-plots.
Juvenile associations at different spatial distances to other trees
The results for every species, pair of species and age classes according 
to the J-functions were, in most of the cases, consistent with those found 
with the nearest neighbor analysis (data not shown). For simplicity, we do 
CHAPTER 1
55
not show all the but a summary of the bivariate J-function displays with the percentage of cases at which positive and negative associations were taking place at different distances for the juveniles of the four species at both 
types of water-availability plots (Figure 3). In general, we observed higher 
percentage of negative than positive associations (Figure 3). However, 
every species had its own spatial pattern that changed depending on water 
availability level and on the distance in some cases. The juveniles of Q. ilex 
at HWA-plots (Figure 3a) showed higher percentage of cases of negative associations at smaller distances but positive associations exceeded in 
number at higher ones. Nevertheless, at LWA-plots the negative associations 
were dominant at all the distances for the juveniles of this species (Figure 
3b). Juveniles of Q. faginea and P. nigra presented similar patterns: there 
were only negative associations at all the distances studied in HWA-plots 
(Figure 3c, e) but almost no significative results were found at any distance 
in the LWA-plots (Figure 3d, f). Juveniles of J. thurifera showed almost no 
significant associations at both types of plots. 
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Figure 3. Percentage of cases where the estimates of the bivariate J-function computed 
among the mentioned focal species showed significant positive association (black 
circles), significant negative association (white circles) and non-significant results 
(gray squares) at different scales (from 0 to 2 m) in high-water-availability plots 
(HWA-plots) and low-water-availability plots (LWA-plots). a,b) Q. ilex juveniles (QIj); 
c, d) Q. faginea juveniles (QFj); e,f) P. nigra juveniles; g,h) J. thurifera juveniles (JTj).
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1.5.- Discussion
By studying the spatial patterns of juveniles and adults at several plots 
and by considering numerous pairwise species, we have addressed the important knowledge gap at a multispecies level in the context of the stress-
gradient-hypothesis. More specifically, the results on spatial patterns, microsite preferences and species associations allow for a more detailed discussion of regeneration patterns.
Is recruitment associated to conspecific adult populations?
We observed that juveniles were not spatially associated with their 
conspecific adults; on the contrary, they were segregated in some plots, which was the case for Q. ilex and Q. faginea. It has been previously shown that acorns 
suffer extremely high predation rates under conspecific adults (Gómez, 2004). As a result, seedling recruitment increases with the distance from parent trees 
(Janzen, 1970). In addition, oak canopy microhabitat is not appropriate for 
recruitment over the long term due to competition with adults (Gómez, 2004; 
Valladares et al., 2008) or due to the existence of auto-allelopathic substances 
(Li and Romane, 1997) that inhibit the germination. Juveniles of P. nigra 
recruited preferentially under the tree canopy, which is consistent with the 
results obtained by Ordoñez et al., (2004), who found that the establishment of P. nigra was improved under cover levels higher than 25%. However, when 
evaluating the intraspecific associations, P. nigra juveniles did not show a 
positive association with the conspecific adults or even showed segregation, 
suggesting that the higher frequency under trees may be a consequence of the 
higher density of tree canopy and basal area in the plots where pines are present 
(see Table 1), but not to a real species-specific association. J. thurifera juveniles 
did not show any spatial dependence with the conspecific adults, in contrast 
with the results of Montesinos et al., (2007) who showed a higher density of seedlings underneath female J. thurifera trees. These discrepancies may be due to the fact that in our sampling we did not discriminate between males and females, but also to the suggestion that the net effect of parents on recruitment 
can switch ontogenetically from facilitation to competition (Miriti, 2006), finally 
resulting in a more attenuated positive association (Montesinos et al., 2007). 
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Habitat preferences of juvenile trees
The juveniles of Q. ilex were more frequent in gaps, while the other 
three species recruited preferentially under canopy. The interspecific associations were variable depending on the interacting species and on the 
level of water availability. 
Similarly to our results, Puerta-Pinero et al., (2006) found that the early 
establishment of oaks was benefited in gaps compared to under shrubs or 
under the canopy of Q. ilex due to the topsoil physicochemical properties. 
However, in our case the frequency of Q. ilex juveniles was significantly higher 
in gaps just in HWA-plots. If we move to more stressful conditions (LWA-
plots) the spatial pattern blurs: juveniles of Q. ilex were positively associated 
among them but there was not a preferred specific location. These findings 
are consistent with those of Holmgren et al. (1997), who argued that in less 
dry conditions competition rather than facilitation is observed because the 
improvement of plant water relations under canopy does not exceed the 
costs caused by lower light levels. We suggest that whenever the climatic conditions are mild Q. ilex tends to get established in gaps. In the gaps the 
acorns have higher likelihood for escaping predation, germinate easily 
(Gómez, 2004) and the juveniles do not experience intense competition. 
Under drier conditions (LWA-plots), the presence of juveniles of Q. ilex was 
not significantly higher in gaps as in HWA-plots, but we did not find positive 
associations with other species. Instead, they occurred to be segregated not 
only from the conspecific adults but also from the ones of J. thurifera. This pattern suggests that the presence of neighbor trees can be negative when 
microclimatic conditions are harsher (see Maestre et al., 2009). 
The juveniles of the other three species did not show the same pattern as 
Q. ilex and recruited preferentially in other microhabitats rather than in gaps. The presence of Q. faginea was significantly lower in the gaps of the driest 
plots, while non-significant results were found for the ones with higher water 
availability. Q. faginea juveniles were found to recruit preferentially under 
the combined canopy of shrubs and trees, which led to the darkest shade at 
our study system, independently of the water-availability level. Therefore, 
CHAPTER 1
59
Q. faginea seems to occupy low-light environments more than the other species. These results agree with other studies that show how this species 
benefit from its shade tolerance (Benayas et al., 2005; Gómez-Aparicio et al., 
2006; Sánchez-Gómez et al., 2006a; Maltez-Mouro et al., 2009). They also 
experienced a positive association with adult pines in 75% of the HWA-plots. This pattern can be attributed to post-dispersal effects, as seed predators 
tend to spend less time looking for food under pines (Gómez and Hódar, 
2008). It is likely that pines provide safe sites for oak regeneration due to 
lower predation rates. However, the distribution pattern was not the same for 
both oaks, indicating that the two species have different niche requirements. 
P. nigra juveniles were more frequent in HWA-plots, mostly recruiting 
under the tree canopy, presumably due to moister sites needed for the 
germination. Pinyons are abundantly produced and wind-dispersed. As a 
consequence, the seed rain is usually not a limiting factor for pine species 
(Jordano et al., 2004) but low soil moisture and high soil temperatures are 
likely to be the main factors controlling the recruitment (Barja et al., 2009). 
J. thurifera juveniles were only present in the most stressful plots (LWA-
plots), where they were mostly located under shrubs but did not show 
significant interactions with any other species or age class studied. This 
higher frequency under shrubs can be explained by the perch effect. The 
most relevant dispersers for juniper seeds are wintering thrushes –Turdus 
spp. – (Santos et al., 1999), which select shrubs such as Genista scorpius (very 
abundant in the study plots) to feed and deposit seeds via faeces underneath 
the shrubs. The higher density of seeds, together with less stressful environmental conditions under shrubs, increased nutrient content and 
herbivory amelioration improve germination, survival and growth (Verdú 
and García-Fayos, 2003; Gómez-Aparicio et al., 2004). However, there were 
fewer juveniles than expected under the combined canopy of both shrubs 
and trees, suggesting that high canopy density, and the very low irradiance involved, does not favor juvenile performance.
The analysis of the spatial distribution showed that the juveniles of each 
species were positively associated in, at least, one plot. This association 
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was stronger among the juveniles of Q. ilex, followed by P. nigra, Q. faginea and J. thurifera. The most plausible explanation for these conspecific juvenile associations is the dispersal pattern of the seeds combined with 
the species regeneration-niche preferences. We did not find any positive association between the juveniles of the different species, but segregation 
from each other in many of the plots. As a result, it seems that none of these 
species share the same microhabitat or at least they present inhibition at 
very small scales. The competition between juveniles is usually not a main 
factor of stress, so the inhibition found between these species may be due 
to distinct regeneration niche needs. We have to take into account that our age-class juveniles includes both seedlings and saplings (individuals up to 
1m of height), and so there might be different strategies also due to these 
two different life stages (Miriti, 2006). Nonetheless, our results suggest 
that the four species have different physiological requirements that lead to 
recruitment at different niches when coexisting in the same community.
Testing the SGH: does the spatial dependence of the juveniles increase with 
more stressful conditions?
It has been proposed that the net outcome of biotic interactions is the sum of co-occurring negative and positive interactions between neighbors, 
with facilitation generally becoming more important with increasing abiotic 
stress (Bertness and Callaway, 1994) and competition being more important 
under less stressful conditions (SGH). However, our results show that the spatial association of the juveniles with the adults or with the shrubs does 
not increase under more stressful conditions (LWA-plots compared to HWA-
plots). In fact, most of the associations, either positive or negative, were found 
in the plots with higher water availability. Thus, our results suggest that 
positive interactions do not increase in importance with increasing aridity at continental Mediterranean conditions. The few cases of associations at 
the most stressful conditions may be a consequence of the neutralization of the advantages over disadvantages of the presence of neighbors. In fact, 
facilitation does not always increase in importance with abiotic stress (see 
Maestre et al., 2005). It is possible that the climatic gradient explored here is not contrasted enough to show a clear pattern concerning the interactions 
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between species. We propose that our gradient goes from low (HWA-plots) to 
intermediate (LWA-plots) stress environments. In the former plots the most competitive species are supposed to be dominant while in the intermediate stress environments both competitive and stress-tolerant could co-occur 
as a result of beneficial processes of the dominant stress-tolerant species 
on the competitive ones, as suggested by Michalet (2006). Our results do not show this pattern as the dominant species are different at each plot 
independently of the abiotic conditions. There are many contrasting results 
observed also in the literature mainly due to shifts along ontogeny (Miriti, 
2006), spatio-temporal scales (de la Cruz et al., 2008), complex responses 
when more than one stressor acts, the different approaches (experimental 
vs. observational) and gradients considered (Dormann and Brooker, 2002; 
Maestre et al., 2005), being often difficult to distinguish between biotic and abiotic mechanisms structuring these communities. So it seems to be clear 
that a full understanding of factors affecting these complex patterns requires further research.
1.6.- Conclusions
Collectively our results bring no support to the generality of the SGH in 
our study system, suggesting that positive interactions do not increase in 
importance with aridity. Regeneration patterns differ according to species composition, microhabitat characteristics and dispersal strategies. In general, 
juveniles do not recruit under conspecific adults. This study enhances the importance of considering a multispecies approach at several plots. Our approach overcomes most of the recognized limitations of most papers on facilitation since it leads for a proper multidimensional comparison of 
specific patterns by combining poorly used spatial techniques and a high number of mapped plots.
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1.8.- Supplementary material
Table S1. Significant results obtained by the nearest neighbor contingency 
table analysis of spatial segregation (Dixon, 2002) at each plot and level of water 
availability (high-water-availability plots and low-water-availability plots –HWA and 
LWA, respectively–). “Tree” means the focal tree and “NN” is the nearest neighbor 
(QI: Q. ilex; QF: Q. faginea; PN: P. nigra; JT: J. thurifera; followed by -a for adults or by 
-j for juveniles). “Obs” is the observed frequency and “Exp” is the expected frequency 
in the contingency table. “S” is the segregation index. When “Tree” and “NN” are 
the same type of tree, it is Si; values of Si > 0 indicate that these individuals are 
segregated (they are the nearest neighbors of themselves more often than expected 
from random labeling); Si < 0 indicate the opposite and values of Si close to 0 are 
consistent with random labeling of the neighbors of type i. When “Tree” and “NN” 
are different types of trees, it is Sij. Sij is larger than 0 when Nij (the frequency of neighbors of trees j around trees i) is larger than expected under random labeling; Sij < 0 indicates the opposite and values of Sij close to 0 are consistent with random 
labeling. The signification of the index is tested indirectly with the statistic Zij 
(column Z) which p-value, based on the asymptotic normal distribution (p-value.as) 
of the Z statistic.
WA-Level Plot Tree NN Obs Exp S Z p-value.as
HWA APN QIj QIj 5 1.67 0.57 2.21 0.0272 AQF QIj QIj 76 54.01 0.52 4.6 0.00001 TAG QIj QIj 8 1.56 0.88 4.31 0.00001 ESB QIj QIj 196 174.57 0.25 3.36 0.0008 TQF QIj QIj 10 3 0.86 3.73 0.0002 ESB QIj QIa 7 13.6 -0.3 -2.04 0.0418 AQF QIj QFj 9 22.55 -0.48 -3.48 0.0005 ESB QIj QFj 29 43.83 -0.21 -2.63 0.0086 TQF QIj QFj 3 8.8 -0.72 -2.83 0.0047 APN QIj PNj 4 12.69 -0.92 -4.28 0.00001 TAG QIj PNj 11 16.32 -0.5 -2.61 0.0089 APN QIj PNa 4 1.28 0.57 2.53 0.0115 ESB QIa QIj 8 13.6 -0.59 -2.95 0.0032 ESB QIa QFj 7 3.4 0.44 2.18 0.0296 AQF QFj QIj 16 22.5 -0.3 -2.05 0.0406 ESB QFj QIj 20 43.83 -0.77 -6.42 0.00001 TQF QFj QIj 4 8.8 -0.4 -1.98 0.0482 TAG QFj QFj 17 4.17 0.85 5.47 0.00001 ESB QFj QFj 34 10.77 0.79 6.57 0.00001
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WA-Level Plot Tree NN Obs Exp S Z p-value.as
HWA TAG QFj PNj 14 26.42 -0.7 -4.62 0.00001 APN QFj PNa 5 1.7 0.54 2.66 0.0078 AQF QFj PNa 8 1.96 0.69 4.62 0.00001 TQF QFj PNa 4 1.65 0.41 2.13 0.0329 TAG PNj QIj 9 16.32 -0.27 -2.12 0.03 APN PNj QFj 9 16.92 -0.3 -2.24 0.0249 TAG PNj QFj 11 26.42 -0.42 -3.54 0.0004 APN PNj PNj 109 90.23 0.37 3.68 0.0002 TAG PNj PNj 188 161.61 0.42 4.61 0.00001 TAG PNj PNa 1 4.66 -0.68 -1.96 0.0497 TAG PNa QIj 2 0.47 0.77 2.34 0.0195 AQF PNa QFj 5 1.96 0.71 2.51 0.0122 ABL JTa QFj 6 2.45 0.5 2.56 0.0106
LWA ESA QIj QIj 205 198.18 0.26 2 0.0459 RSA QIj QIj 17 6.79 1.04 4.23 0.00001 ESI QIj QIj 181 169.64 0.29 2.87 0.0041 QUE QIj QIj 20 12.05 0.37 2.4 0.0163 ESA QIj QIa 9 15.82 -0.26 -2 0.0459 ESI QIj QIa 9 21.86 -0.42 -3.49 0.0005 RSA QIj JTj 3 8.21 -0.6 -2.34 0.0192 RSA QIj JTa 0 4.29 - Inf -2.42 0.0156 ESI QIa QIj 12 21.86 -0.88 -5.02 0.00001 ESI QIa QIa 11 2.69 0.81 4.39 0.00001 ESI QIa QFj 2 0.45 0.68 2.39 0.0168 PSP QFj QFa 3 8.54 -0.49 -2.16 0.031 QUE QFj PNj 2 8.29 -0.73 -2.61 0.0091 QUE PNj QFj 2 8.29 -0.71 -2.57 0.0102 QUE PNj PNj 18 9.12 0.49 2.95 0.0032 QUE PNa QIj 2 6.02 -0.6 -1.99 0.0461 BFS JTj JTj 4 1.45 0.71 1.97 0.049 RSA JTa QIj 0 4.29 - Inf -2.59 0.0097 BFS JTa JTa 2 0.21 1.43 3.21 0.0013
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2.1.- Summary
Premise of the study: Understanding the filters occurring during 
the regeneration process, the role of microhabitat heterogeneity and the 
mechanisms involved in plant recruitment is key to predict future species 
coexistence. However, while plant-plant interactions have been explored in 
a wide array of ecosystems, the importance of negative density dependence 
and its interaction with other drivers of coexistence has rarely been explored in forests outside tropical regions. 
Methods: Through a sowing experiment in forests differing in species 
density and at two levels of microhabitat heterogeneity we examined seed 
fate (predation, pathogen infection and emergence), seedling survival after 
the first summer drought and overall recruitment after two years, of four co-
occurring Mediterranean tree species (Quercus ilex, Q. faginea, Pinus nigra and Juniperus thurifera) in central Spain.
Results: Seed predation was the main cause of seed loss, and summer 
drought the main cause of seedling mortality, which depended on the forest 
type (forests varying in species composition and densities), microhabitat 
heterogeneity (lower mortality rates under the canopies) and seed mass. 
We found increased recruitment where conspecific adults were rare, 
suggesting that negative density dependence plays an important role in the regeneration process. 
Conclusions: Several processes, including typical negative density 
dependent ones (e.g. greater fungi infection of Q. ilex seeds in forests 
dominated by conspecifics), and also other processes linked to plant-plant 
interactions such as competition (e.g. J. thurifera competition with herbs 
during emergence) and facilitation (higher survival of all species under 
canopies) were important in shaping species regeneration and thus, future species composition and coexistence. 
Keywords: habitat heterogeneity, plant-plant interactions, community 
dynamics, seed fate, summer drought.
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2.2.- Introduction
Regeneration patterns are regulated by a range of interdependent abiotic 
and biotic factors. Among biotic interactions, negative density dependent 
(NDD) processes (Janzen, 1970; Connell, 1971) and competition (Chesson, 
2000) can restrict the probability of a seed or seedling to become a new recruit at a certain moment in a given region of space whereas facilitation 
may increase this probability. Within the NDD processes, the so called 
Janzen-Connell hypothesis asserts that natural enemies -including pathogens 
and predators- cause higher seed and seedling mortality in the vicinity of 
conspecific adults (Clark and Clark, 1984; Schupp, 1992). Therefore, seed 
dispersal away from parent trees may favour the escape from predation 
and pathogen infection (Janzen, 1970), promoting regeneration away from 
parent trees, where seed and seedling density of conspecifics is reduced. 
Accordingly, plant competition processes consider that individuals living 
close to each other compete for resources (Grime, 1979; Tilman, 1982; 
Callaway and Walker, 1997) and thus, regeneration improves at some 
distance of other individuals that share similar resources (conspecific or 
heterospecific). Contrarily, plant facilitation recognizes that regeneration is 
favoured in the proximity of other individuals (conspecific or heterospecific) 
due to an amelioration of stress, more resource availability and light 
attenuation (Callaway and Walker, 1997; Bruno et al., 2003). While the 
first two mechanisms (negative density dependence and competition) are related to liberating potential colonization areas for other species, the last 
one (facilitation) is related to the structural force benefiting other species 
survival by reducing stress. 
Most studies aiming at understanding the mechanisms involved in regeneration as drivers of species coexistence have been conducted 
in tropical forests (see Wright, 2002 and references therein). Instead, 
temperate forests have received much less attention, particularly in 
Mediterranean regions (but see Packer and Clay, 2000; Hyatt et al., 2003; 
Gómez-Aparicio, 2008; McCarthy-Neumann and Kobe, 2010). While in 
tropical forests species regeneration and coexistence have been traditionally 
studied through the negative density dependence (Augspurger, 1983; Wills 
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et al., 2006), in Mediterranean ecosystems more emphasis has been placed 
on positive plant-plant interactions (Gómez-Aparicio et al., 2005a), which mitigate the effects of intense summer drought, a well-known bottleneck 
for recruitment (Castro et al., 2004a, 2005; Pugnaire et al., 2011). However, 
in some Mediterranean regions, multispecies tree assemblages varying 
in dominance and abundance under rather similar conditions can be only 
partially explained through plant-plant interactions (Granda et al., 2012). We 
hypothesize that negative density dependence could help to understand tree coexistence in Mediterranean regions where facilitation and competition are 
not enough for explaining community assemblages and dynamics. 
In the present study, we carried out a sowing experiment aimed at 
examining seed and seedling performance (seed fate, seedling survival patterns 
and seedling mortality causes, see Figure 1) of co-occurring trees. We took 
into account the forest type, determined by particular species composition; 
the microhabitat heterogeneity, the interactions with conspecifics and 
heterospecifics, the seed pathogen infection and predation, and the herbivory 
impact on seedlings. We hypothesized that a) negative density dependent 
processes such as increased seed and/or seedling mortality in the proximity 
of conspecific trees due to natural enemies are taking place, and that b) 
plant-plant interactions are modulating species composition particularly at 
the seedling stage (competitive exclusion and/or facilitation). To test these 
hypotheses we (i) quantified the proportion of seeds that emerged, died or were predated under locations differing in species densities at two levels of 
microhabitat heterogeneity (understories and gaps); (ii) addressed the timing and the location where the emergence was occurring, as well as other factors 
involved (seed mass and herb cover) and (iii) studied the period, location 
and causes of mortality after the first summer and final survival at the end of 
the study period. Through the assessment of postdispersal seed and seedling performance under natural conditions, we were able to evaluate the strength 
of the different filters occurring during the regeneration process giving shape to species coexistence. 
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Figure 1. Scheme of the experimental design conducted in Alto Tajo Natural Park.
2.3.- Materials and methods
Study area and species
The study area is located in Alto Tajo Natural Park, in central Spain 
(Guadalajara, Castilla-La Mancha, 40° 40’ 51’’ N, 02° 04’ 31’’ W). The climate 
is continental Mediterranean with hot and dry summers and cold winters, with a mean annual temperature of 10.2 °C and a mean annual precipitation 
of 500 mm. The minimum and maximum daily mean temperatures are, 
respectively, -3.5 °C and 8.2 °C in January and 10.3 °C and 28.5 °C in August 
(Agencia Estatal de Meteorología, Molina de Aragón weather station, 1951-
2000). The soils are poorly developed and formed mainly from Cretaceous 
and Jurassic limestone.
We selected four coexisting and abundant tree species of the 
Mediterranean ecosystems in continental areas: an evergreen oak -Quercus 
ilex subsp. ballota (Desf) Samp-, a deciduous oak -Quercus faginea Lam.- and two conifers (Pinus nigra J.F. Arnold subsp. salzmannii (Dunal) Franco and 
Juniperus thurifera L). Each species can be dominant in certain locations of 
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the study area but the other three tree species commonly coexist in all the forest stands.
Potentially seed consumers in the study area are rodents (Mus spretus, 
Apodemus sylvaticus and Oryctolagus cuniculus), birds (Garrulus glandarius and Turdus spp.), ungulates (Sus scrofa, Capreolus capreolus and Cervus 
elaphus), cattle (mainly sheeps, Ovis aries), small carnivore mammals (i.e. 
Vulpes vulpes, Martes foina), ants, filbert worm (Cydia latiferreana) and 
filbert weevil (Curculio occidentalis). Pinus seeds are wind dispersed, while 
Quercus seeds are dispersed by the above mentioned rodents and birds and Juniperus seeds by rodents, birds, ungulates, cattle and small mammals through seed deposition. 
Experimental design
We carried out a sowing experiment following a factorial design (Figure 
1). We selected four forest types determined by the density of the dominant 
tree species: 1) Q. ilex forests, 2) Q. faginea forests, 3) P. nigra forests and 
4) J. thurifera forests (hereafter Qi-F, Qf-F, Pn-F and Jt-F, respectively). We considered each species to be dominant when one of the adult tree species 
surpassed 80% of the forest canopy. Sowing points were distributed in two 
stands per forest type. Forest stands were separated more than two km and 
they were chosen to present similar slope (flatter than 5%), parent rock 
material, altitude, annual precipitation and temperatures (Table S1). Each stand consisted on three plots with four replicates of two microhabitats, 
which correspond to distinct ground heterogeneity levels: canopy (under 
the projection of the dominant tree species at each type of forest) and gap 
(open spaces). Twenty seeds per species were sown in 40 x 50 cm subplots 
at each microhabitat, giving a total of 15,360 sowed seeds (3,840 seeds per 
species: 4 types of forests * 2 forest stands * 3 plots * 4 sites * 2 microhabitats 
* 20 seeds).
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Figure 2. Scheme showing the different stages and processes taken into account in 
the present study (from the seed phase until an established seedling).
Seed collection and sowing procedure
Seeds of Q. ilex and Q. faginea were collected in October-November 2008 
from 65 - 75 randomly selected trees covering all the study area (ranging 
between 30 and 200 seeds per mother tree). Seeds were surveyed to discard 
the aborted, dry and infected ones, and individually weighed. Mean ± SD 
seed weight (g) was 2.19 ± 0.79 and 2.51 ± 0.76 for Q. ilex and Q. faginea, 
respectively. They were soaked 24 hours before being sown and floating 
seeds were removed. In December 2008, seeds were sown in the field at 
2 - 4 cm of depth, separated 10 cm from each other (20 seeds per subplot 
– 40 x 50 cm –) and in an horizontal position to simulate the dispersion by 
the Eurasian Jay -Garrulus glandarius- (Bossema, 1979; Gómez, 2003), the 
most abundant genuine disperser in the study area. We used a plastic sheet to establish the permanent position of the seeds at each subplot, which was marked with wooden sticks and big nails in opposite corners of the subplot 
for subsequent monitoring. 
Seeds from J. thurifera were collected on October 2008 and the ones of 
P. nigra on January 2009 from 20 different trees in the study area. Mean ± 
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SD seed weight (g) was 0.04 ± 0.006 and 0.02 ± 0.004 for J. thurifera and P. 
nigra, respectively. Juniperus thurifera seeds were subjected to stratification 
treatments following García-Fayos et al., (2008). The two conifer species were sown in April 2009, coinciding with their natural dissemination period 
in the field, and pursuing the same protocol as for Quercus seeds. At the same 
time as sowing was being carried out in the field, 160-200 seeds per each of 
the four species (distributed in 16 different trays, four per species), were also 
sown under optimal controlled conditions in germination chambers (20 °C 
at 50% of air humidity, maintaining the substrate always humid). Emergence 
in the chambers was monitored every week for 2 - 3 months. In the case of J. thurifera, seeds were maintained in the chambers for six months, as seedlings started to emerge after 4 - 5 months.
Monitoring predation, emergence, survival and causes of seed and seedling 
death 
From the sowing date until the end of the summer 2009, all sowing sites 
were visited every month. After the first summer, the sites were visited in 
November 2009, September 2010, June 2011 and finally in September 2011 
(980 days after Quercus seeds were sown and 860 after sowing juniper 
and pine seeds). During the whole study period we monitored seedling emergence, survival and seed predation in situ whenever we found rests of eaten seeds that could be attributable to rodents or wild boars. Percentage 
of herb cover was visually estimated with photographs taken at each subplot during spring 2011. In November 2009 we unburied the not emerged 
Quercus seeds and classified them to: dead seed (mainly caused by fungus) 
and removed seed without known agent (non-found seed). Seeds of P. nigra and J. thurifera were not unburied due to their small size. Causes of seedling 
mortality included browsing and drought. No insect and/or disease damage 
were observed in the seedlings of the study species.
Rodent sampling and faeces presence
A three-night trapping session was carried out in February 2009 during new moon. Throughout these three consecutive nights, 49 traps were set 10 m apart 
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at each forest stand (two forest stands per type of forest) making a total of 392 traps. The traps were established at 12 - 15 pm and revised at 7 - 9 am. Each 
trap was filled with waterproof cotton to protect captured rodents from cold and 
rain and baited with a piece of apple and a paste made of tuna in oil and flour. 
Rodents were identified to species, weighed, marked and released (see Muñoz 
and Bonal, 2007; Torre et al., 2007 for further details on the protocol). Faeces of rodents, cattle and ungulates in a circle of one meter radius centred in each trap 
were also surveyed. 
Table 1. Results of the generalized linear mixed models (GLMM) for the effects of 
Forest type (Qi-F, Qf-F, Pn-F, Jt-F), microhabitat (Canopy or Gap), herb cover and 
seed mass on seed predation, seedling emergence, mortality after the first summer and overall recruitment of each species: Quercus ilex, Q. faginea and J. thurifera. 
Sign of effects (+/-) and Chi-square estimates obtained by comparing the change 
in likelihood within best fitted models are given for each response variable. The 
values of the Akaike´s information criterion (AIC) are also given. Significance levels: 
* P < 0.05, ** P < 0.01, *** P < 0.001.
Response variable Species AIC Forest type Microhabitat FxM Herb cover Seed mass
df=3 df=1 df=3 df=1 df=1Predation
Q. ilex 3244.9 7.14* --- --- --- (-) 18.76***
Q. faginea 3486.3 12.06** --- --- --- (+) 67.04***Emergence
Q. ilex 3269.6 8.92* --- --- --- (+) 26.24***
Q. faginea 3214.3 7.21* --- --- --- (-) 69.79***
J. thurifera 1117.3 --- --- --- (-) 9.72*** ---
Mortality after the 
first summer
Q. ilex 1035.7 40.34*** 63.03***(+G) 36.89*** --- (-) 4.83*
Q. faginea 1024.1 --- 23.02***(+G) --- --- (-) 23.62***
J. thurifera 176.1 11.65* 13.99**(+G) 7.06* --- ---Overall recruitment
Q. ilex 1892 23.8*** 31.37***(+C) 9.65* --- (+) 14.89***
Q. faginea 1520.3 12.89** 9.55**(+C) --- --- (+) 26.26*** J. thurifera 682.3 --- 5.89*(+C) --- (-) 9.09** ---
Statistical analyses
We built contingency tables summarizing the frequency of 1) seed fate, 
i.e. frequency of seeds that emerged, died or were predated, and 2) causes 
of seedling mortality, i.e. frequency of dry or browsed seedlings at different 
types of forests (see Figure 2 for pictures differenciating among dry and 
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browsed seedlings). These contingency tables were analyzed for each 
species using log-linear models, where the null hypothesis was whether 
the frequency of each response was independent from the forest-type. The 
log-linear models fit the expected cell counts to the marginal sums of the 
contingency table (see Agresti, 1996; Gotelli and Ellison, 2004). Deviations 
from expected frequencies were displayed and explored with mosaic plots 
(Friendly, 1994), as recommended by Gotelli and Ellison (2004). The mosaic 
plot is a graphical method for visualizing contingency tables and for building 
models to account for the associations among its variables (Friendly, 1994, 
1999). Conifer seed predation and mortality were not included in the 
analyses as the small size of these seeds did not allow us to find them in the 
field. Analyses were performed using the R software (R Development Core 
Team 2011, version R2.14.1, Vienna, Austria).
Generalized linear mixed effect models (GLMMs; Pinheiro et al., 2000) 
with binomial distributions were used following Zuur et al., (2007) to test 
the significance of explanatory variables on the response variables: seed 
predation, seedling emergence, mortality after the first summer and overall 
recruitment. We built a set of models per response variable and species, with 
the explanatory variables: seed mass and herb cover as covariates, forest 
type, microhabitat and their interaction as fixed effects; site, plot and forest 
stand were the random effects properly nested. The model with the best subset of predictors for each response variable was selected comparing the 
Akaike´s Information Criterion (AIC; Burnham and Anderson, 2002). These 
analyses were performed using the package lme4 (Bates and Maechler, 
2010) in the R software (R Development Core Team 2011, version R2.14.1, 
Vienna, Austria).
We used the Kaplan-Meier estimates to obtain the emergence and 
seedling survival functions of each species. We performed a χ2-multiple 
comparison test to test for significant differences among forest types and/or microhabitats and, afterwards, log-rank tests were used to test for differences 
in the corresponding curves for all possible pair-wise combinations (Pyke 
and Thompson, 1986). These analyses were performed using STATISTICA 
6.0 (Statsoft Inc., Tulsa, USA).
CHAPTER 2
76
2.4.- Results
Overall, 15,360 seeds were sown (3,840 seeds per species) and monitored 
during the study period. A total number of 903 Q. ilex, 875 Q. faginea and 131 
J. thurifera seeds emerged, of which 385 (43%), 268 (31%) and 72 (55%), 
respectively, had survived after more than two years. Thus, 10%, 6.9% and 
1.8% represented the overall recruitment of Q. ilex, Q. faginea, and J. thurifera, 
respectively (see Table S2 for further details). P. nigra emergence was not 
observed in the field.
Seed fate: mortality, predation and emergence
Significant differences were detected in the frequencies of dead, predated 
and emerged seeds in each forest type for Q. ilex (χ2 = 666, df = 6, P < 0.0001) and Q. faginea (χ2 = 675, df = 6, P < 0.0001) as indicated by log-linear models. Instead, J. thurifera did not show emergence differences in each forest type 
(Figure 3). Seed mortality and predation for the later species were not recorded due to the small size of their seeds. P. nigra was not analyzed as no emerged seeds were found. 
Quercus seed mortality, mainly attributable to fungi, was higher than 
expected in forests dominated by conspecifics for Q. ilex (Qi-F;  Figure 3a), while for Q. faginea this higher mortality was found in forests dominated 
by heterospecifics (Pn-F; Figure 3b). Predation rates were significantly 
higher than expected in the Qf-F and, more importantly, in Jt-F for Q. ilex and Q. faginea seeds (Figure 3, Table 1). Instead, lower seed predation 
was found in Pn-F and Qi-F. Heavier seeds from Q. faginea were more predated, while for Q. ilex heavier seeds experienced less predation, 
as indicated by our mixed effect models (Table 1). Of all the predated seeds, the removed ones were more abundant than the ones eaten in 
situ by wild boars or rodents. Seed removal was significantly higher than 
expected in the forests with the highest predation rates (Qf-F and Jt-F, 
see Figure S1). Wild boars were responsible for seed predation with a 
higher frequency than expected in Qi-F and Pn-F, but not in Qf-F and Jt-F 
despite their recorded presence in such forests (see Figure S1, Table S3). 
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Rodents were found to predate more seeds in Pn-F for Q. faginea and in Jt-F for Q. ilex. However, low rodent abundance was found in the study area. On the whole, 11 rodents were captured with 392 traps during three nights. The highest abundance was found in Qi-F where six Mus spretus and two 
Apodemus sylvaticus were caught. Only one A. sylvaticus was found in Qf-F, 
two in Pn-F and no rodents were found in Jt-F.
Seedling emergence in controlled chambers under optimal conditions resulted in high rates for Q. ilex (95%), Q. faginea (96%) and P. nigra (89%), while J. thurifera showed only a 3.5% of emergence after six months from 
sowing. Total emergence in the field represented a 23.5%, 23.2%, 0% and 
3.41% for Q. ilex, Q. faginea, P. nigra and J. thurifera, respectively (see Table 
S2 for total abundance). All P. nigra seeds and/or seedlings died before we 
were able to record any emergence. In the field, emergence of Q. ilex was 
positively influenced by seed mass (Table 1). Forest type also had an effect on 
the emergence of this species, being Jt-F the worst forest type for emergence 
and Pn-F the best one (Figures 3, 4, 5). Herb cover and microhabitat did not 
have any effect on the emergence of Q. ilex. Similarly, emergence of Q. faginea 
was mainly influenced by forest type being lower than expected in Jt-F and 
Qf-F, and higher in Qi-F and Pn-F (Figures 3, 4, 5). Instead, seed mass had a 
negative effect on emergence (Table 1). Overall, J. thurifera emergence was 
very low and negatively influenced by herb cover (Table 1).
Timing of emergence
Seedling emergence in the field was first recorded in April 2009, 130 days 
after the sowing date (Figure 4). Both Quercus species started to emerge at the same time, but Q. ilex needed, on average, more time than Q. faginea: emergence 
peaks were found 190 and 157 days after sowing, respectively (Figure 4a, b). 
Surprisingly, seeds of both Quercus species at almost all forests kept emerging 
more than one year after the sowing date. We found in September 2010 (620 
days after sowing) many newly emerged seedlings, most of them in Pn-F (Figure 
4a, b). Seeds of J. thurifera (Figure 4c) started to emerge one year after the 
sowing date (first time recorded in September 2010, after 500 days), meaning 
that the dormancy of these seeds was not fully broken by the stratification 
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Figure 4. Emergence rate of (a) Q. ilex, (b) Q. faginea and (c) J. thurifera at the four 
types of forests (codes as in Figure 3) and different sampling periods ranging from 
December 2008 (sowing date) for the first two species and from April 2009 for the later, until September 2011.
procedure. The percentage of emergence was very low and no big differences 
between forests were found, even though the emergence curve was significantly different in Qi-F compared to Qf-F, where minimum rates were found. These 
rates were kept constant over time after 860 days (September 2011), and only in Qi-F some new J. thurifera emergences were found in June 2011 (Figure 4c).
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Figure 5. Percentage of seedling survival from the sowing date (day 0) until the end 
of the first summer (November 2009 for Q. ilex and Q. faginea and September 2011 for J. thurifera) at different types of forests (codes as in Figure 3), and microhabitats 
(canopy and gap) for each species.
Seedling mortality after the first summer, timing and causes of death
We found that following the first summer (320 days after sowing) seedling 
mortality was significantly higher in gaps than in canopies for both Quercus 
species (Table 1, Figure 5). Similar mortality curves among forests were 
CHAPTER 2
81
found except for Jt-F, where higher rates of mortality were observed at the 
beginning of the summer: in June 2009 (190 days after sowing), only 57% of the emerged seedlings of Q. ilex had survived and 38% for Q. faginea (Figure 
5). At the end of the study period (September 2011, 980 days after sowing) all seedlings of Q. ilex and Q. faginea had died in the gaps of these forests 
(Figure 6, see Table S2). Mortality rates of J. thurifera were generally low at 
the end of the first summer (after 860 of the sowing date), but significantly 
higher in gaps than in canopies (Table 1, Figure 5). 
The main causes of seedling mortality of each species significantly varied 
among forest types (χ2 = 26.55-65.37, df = 3, P < 0.0001). Interestingly, the 
three study species presented different mortality patterns (Figure 7). While Q. 
ilex was found to die more frequently in Jt-F because of drought, for Q. faginea it 
was in Qf-F. Lower frequency of dry seedlings was found in Pn-F for Q. ilex and in Qi-F for Q. faginea (Figure 7a, b). Browsing was the main cause of mortality in Qi-F for both Quercus species, but also in Pn-F for Q. ilex. Browsing agents 
included deers (Cervus elephus), roe deers (Capreolus capreolus) and rabbits 
(Oryctolagus cuniculus), which were the most abundant in the study area (see 
Table S3). Most dead seedlings of J. thurifera were found dry at all forest types. 
Only in Qi-F some browsed seedlings of this species were found (Figure 7c).
Overall recruitment 
None of the study species showed better performance and overall 
recruitment in forests where conspecifics were dominant. Overall 
recruitment at the end of the study period (more than two years) indicated that the evergreen oak, Q. ilex, had the highest regeneration rates at all forest 
types (Figure 6, see Table S2) followed by the deciduous Q. faginea, and the two conifers, J. thurifera and P. nigra. Seed mass had an overall positive effect on regeneration for the Quercus species and the microhabitat also played an important role, being the canopies more suitable for recruitment for all 
species. Forest type also had an influence on Quercus species as has been 
previously commented, being Pn-F the best forest type, followed by Qi-F, 
Qf-F and Jt-F. For J. thurifera, the main limiting factor was herb cover, but not 
the identity of forest type (Table 1, Figure 6, see Table S2).
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Figure 6. Percentage of seeds and seedlings from the sowing until the end of the 
study period of (a) Q. ilex, (b) Q. faginea, (c) J. thurifera in different types of forests 
(codes as in Figure 3) and microhabitats. Closed symbols correspond to canopy 
microhabitat and open symbols to gaps.
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2.5.- Discussion
Our study shows that the coexistence of Mediterranean tree species is 
modulated by post-dispersal processes involved in the seed-to-seedling transition. Despite the low number of tree species in comparison to tropical 
forests, our results highlight the importance of negative density dependent 
processes (post dispersal seed predation and pathogen infection) together with 
plant-plant interactions (competition and facilitation) for species coexistence 
in these heterogeneous ecosystems at both local and broader scales.
Within all demographic processes affecting recruitment, we found that 
seed predation was the main cause of reduced seed availability. Moreover, 
predation greatly depended on the forest type: the highest and the lowest 
predation rates were found in conifer forests (juniper and pine forests, 
respectively). Because seed predators are likely to be attracted by high 
density seed patches (Schupp, 1992), we expected predation to be higher 
in forests with higher tree density (i.e. mainly Quercus forests, see Table S1). 
However, juniper forests present characteristic soils with coarse particles 
that are more affected by the frequent diurnal freeze-thaw cycles. As a 
result, many buried seeds were pulled up to the surface at least in the bare 
microsites (pers. obs.), becoming easily accessible for all seed predators. 
More importantly, as a consequence of post-dispersal predation being the main cause of seed loss, whether or not seeds are dispersed to safe sites 
will highly determine the probability of recruitment success. Indeed, several 
authors (Hulme, 1998, and references therein) have argued that spatial 
variation in post-dispersal seed predation and species specific differences in 
predation may promote species coexistence.
Seed mortality by fungus and other pathogens represented a small proportion of seed losses. Nevertheless, we found that fungi were responsible 
for seed mortality mostly in forests where conspecifics were dominant for the evergreen Q. ilex. These results agree with the Janzen-Connell hypothesis 
by which more abundant species are more likely to be infected by natural 
enemies (Janzen, 1970; Connell, 1971). As a result, in the long term, this 
negative density dependence could favour species coexistence and even 
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replacement in the long term if infection of the most common species 
favours the establishment of other species. However, we expected that in an 
area with higher pathogen abundance, infection of closely related species 
will also be taking place (Gilbert and Webb, 2007). Instead, our results show that Q. faginea seeds were not more infected in Qi-F, nor in forests where 
conspecifics were dominant, but in pine forests. This negative density effect 
seems to be species specific and not related to the phylogenetic proximity 
among tree species. Similarly, González et al. (2010) found that negative 
density dependent processes where playing an important role in the transition from juvenile to adult trees in a rain forest, but such processes 
were also independent from the phylogenetic structure of the communities. 
Moreover, Gómez-Aparicio et al. (2012) found that the pathogen Phytophtora 
cinnamomi in Mediterranean woodlands had a negative effect on emergence and survival of Q. suber but not on those of Q. canariensis. 
The two Quercus species showed minor but relevant differences on their emergence timing, being the deciduous Q. faginea the species that emerged earlier compared to the evergreen Q. ilex. Similar results have been found for other deciduous and evergreen Quercus species (Pérez-Ramos et al., 
2012) and the consequences were argued to benefit the species with earlier emergence due to longer period for resource uptake during spring before 
summer droughts (Urbieta et al., 2008). Instead, we found that it was the evergreen Q. ilex the species with the highest survival after the first summer 
drought and overall recruitment. Thus, we hypothesize that early emergence 
may have translated into a higher risk of mortality as a result of the harsh climatic conditions during the spring of 2009. Indeed, all P. nigra seeds and/
or seedlings died before we were able to record any emergence, probably as 
a consequence of the high water stress during the spring/summer seasons 
in 2009, when accumulated precipitation reached 19.4 mm in May, 10 mm 
in June and 2.6 mm in July 2009 representing a reduction in precipitation of 
70%, 81% and 90%, respectively regarding mean values for the 1951-2007 
period (Molina de Aragón Meteorological Station, AEMET).
Most non-predated seeds from Quercus species emerged. It has been 
argued that this high germinability lies on the capability of acorns for storing 
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large nutrient reserves (Frost and Rydin, 1997). Thus, it was in the forests 
with the lowest predation rates (Qi-F and Pn-F) where Quercus emergence 
reached higher rates. This was particularly outstanding in the case of pine 
forests, where ~44% and ~40% of the sowed seeds of Q. ilex and Q. faginea 
emerged respectively, while only a ~6% and a ~15% for each Quercus species 
was found in Jt-F and Qf-F, respectively. Juniperus thurifera emergence was 
not particularly limited in any given forest type, nor constrained by seed 
mass but by herb cover being patches with low herb cover the safest sites for the regeneration of this species. Thus, herb competition at the seed stage 
seems to be a key stress factor for this conifer species. Nevertheless this result should be taken with caution since the percentage of germination is 
really low for this species. In contrast, Quercus species showed higher herb competition tolerance.
As well known for most Mediterranean ecosystems (Castro et al., 2005; 
Pugnaire et al., 2011), seedling mortality was very high during the first 
summer for all species. This mortality was particularly high in gaps and in 
forests dominated by J. thurifera. A large fraction of Quercus seedling mortality 
(almost half of the dead seedlings) was caused by summer drought, which 
was determinant for the overall recruitment at the end of the study period. Our results show that within Quercus species, heavier seeds had a higher 
probability of recruitment, which may be related to a better development of 
the root system during the earliest developmental stages, finally leading to 
higher probability of survival as discussed by Lloret et al. (1999). However, 
not all seedlings died as a consequence of drought (see Figure S2): intensive 
browsing, mainly by rabbits that ate the tender shoots at the base, was found 
in forests dominated by Q. ilex for both Quercus species and also in pine forests for Q. ilex seedlings. Instead, the main cause of J. thurifera seedling mortality 
was water stress. Surprisingly, the percentage of surviving seedlings after 
the first summer for J. thurifera was very high when compared to the Quercus 
species, meaning that even though the emergence rates were very low, once 
emerged these individuals have a high probability of recruitment. 
Interestingly, none of the study species showed a higher overall 
recruitment in forests dominated by conspecifics after more than two years. 
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Likewise, a previous observational study showed that juveniles were not 
spatially associated to conspecific adults under natural conditions (Granda 
et al., 2012). Pine forests at the end of the study period supported the highest number of surviving seedlings for both Quercus species. Instead, 
forests dominated by Q. ilex adults were the most favourable for J. thurifera 
regeneration, which at the same time, highly depended on herb cover by limiting seedling emergence. Quercus ilex was the species that showed the 
highest recruitment rates at all forest types, probably due to its thermal 
tolerance to extreme weather (Gimeno et al., 2009). All these observed patterns suggest the prelude of a shift in the species dominance and the 
maintenance of tree diversity under similar climatic and soil conditions.
Canopies were found to be safer sites for regeneration, meaning that 
facilitation is playing an important role for all species improving the chances 
of survival after the critical first summer drought once plants have emerged 
(Gómez-Aparicio et al., 2008). Facilitation mechanisms may involve shading, 
increased water and nutrient availability, improvement of microclimatic 
condicions as well as protection from herbivores (Pugnaire et al., 2011). 
Thus, spatial heterogeneity at local (understories vs. gaps) and regional 
(different forest stands) scales is playing a key role on recruitment patterns. Overall, we found that recruitment is dependent on species composition 
(regional heterogeneity) during seed-seedling transition, but it is dependent 
on local heterogeneity once seedlings had emerged. 
2.6.- Conclusions
In conclusion, our results revealed the importance of processes at early life 
stages that can explain the coexistence of different tree species under specific abiotic conditions when taken together. The observed species regeneration 
suggests that tree coexistence is determined by dynamic processes that favour local shifts in species composition in the long term. Such processes 
include competition and facilitation varying according to life stage and 
species identity and a well-known driver of community organization but 
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also poorly described in these Mediterranean ecosystems, negative density dependence. The current forest landscape is, thus, a mosaic that includes 
different stands and community assemblages, some dominated by one of 
these species and others composed by more complex tree mixtures. Our 
results suggest that species composition is likely to shift through time both within mosaics and from mosaic to mosaic favouring species coexistence 
locally and, particularly, at larger subregional and regional spatial scales.
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2.8.- Supplementary material
Figure S1. Frequency of seed predation rates for (a) Q. ilex and (b) Q. faginea by 
different agents at different types of forests: Holm oak forest (Qi-F), deciduous oak 
forest (Qf-F), pine forest (Pn-F) and juniper forest (Jt-F). The area of each rectangle 
is proportional to the cell frequency of the corresponding contingency table. Solid 
and broken lines indicate, respectively, positive and negative deviations from the 
expected frequencies. The shading of each rectangle is proportional to standardized 
residuals from the fitted model (values indicated in the legend). Light grey and black 
rectangles indicate significant deviations from the expected cell frequencies (at ca. 
α = 0.05 and α = 0.0001, respectively).
Figure S2. Example of one of the subplots (a) at the moment to sow Q. ilex seeds; (b) 
after 200 days at a site where all seedlings had emerged and survived; (c) browsed 
seedlings; (d) dry seedling.
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Table S3. Percentage of times faeces were found in each forest (sum of presence/98 
traps per forest).
Predator species Forest type   Qi-F Qf-F Pn-F Jt-F
Cervus elaphus 15.3 7.1 1 8.2
Capreolus capreolus 3.1 1 6.1 0
Sus scrofa 6.1 2 4.1 9.2
Ovis aries 3.1 2 0 46.9
Oryctolagus cuniculus 8.2 0 10.2 0
Vulpes vulpes 0 0 0 1
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3.1.- Summary
Premise of the study: Climate change involves warmer temperatures, 
altered precipitation patterns, increased climatic variability and, in 
Mediterranean regions, increased frequency and severity of droughts. Tree 
species may show different growth responses to these components of climatic 
change, which may trigger changes in forest composition and dominance. 
Methods: We assessed the influence of recent climatic changes on 
secondary growth of mature trees from four species co-occurring in a Mediterranean continental forest: Quercus ilex, Quercus faginea, Pinus nigra and Juniperus thurifera. We used dendrochronology to relate radial-growth 
variables (earlywood and latewood widths, basal area increment -BAI-) to annual and seasonal climatic variables for the period 1977-2007. 
Results: Our results showed that Q. faginea BAI has declined, whereas 
J. thurifera BAI has increased over time while Q. ilex and P. nigra have 
maintained their growth rates. Growth was mainly favored by higher 
precipitations and tree size for all species. Reduced growth during extremely 
dry years was observed for all study species, but all of them except Q. faginea 
recovered their growth levels two years after drought. 
Conclusions: Our findings illustrate how the effects of climatic changes 
on growth should include analyses of seasonal climatic trends and extreme 
events such as severe droughts. We conclude that the seasonal timing of warming and precipitation alterations leading to drought events caused contrasting effects on growth of co-occurring Mediterranean tree species, compromising their future coexistence. 
Keywords: climate change, coexistence, Mediterranean forests, 
dendroecology, drought, radial growth.
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3.2.- Introduction
Forests worldwide are recently experiencing modifications in their 
productivity and dynamics due to climate change. In fact, changes in intensity, 
duration and frequency of droughts are responsible for many observed shifts on vegetation and forest dieback, even in forests not considered to be water-
limited (Allen et al., 2010). Prolonged water deficits and extreme events are related to forest growth declines, but while in the former case acclimation 
may occur, in the latter one the acclimation capacity of tree species might be 
surpassed by the intensity of the unusual and severe events (Gutschick and 
BassiriRad, 2003). Extreme warming-related droughts have been shown to 
not only affect at the species level but also at the population, community 
and ecosystem levels (Bréda and Badeau, 2008). Species and communities 
might strongly differ in their responses with situations of stability and lack of abrupt vegetation shifts despite the occurrence of extreme climatic events 
also reported (Lloret et al., 2012). 
In drought-prone Mediterranean forests the occurrence of intense and prolonged warming-linked drought episodes has been highlighted to be 
critical for tree species growth, composition and abundance, potentially 
compromising species coexistence (Terradas and Savé, 1992; West et al., 
2008; Peñuelas et al., 2011b). In fact, several studies have found evidence of a negative impact of increasing drought stress on growth and resilience 
of many woody species like Pinus nigra (Martín-Benito et al., 2010), Pinus 
brutia (Sarris et al. 2007), Pinus halepensis (Linares et al., 2011; Pasho et 
al., 2012) and Abies pinsapo (Linares et al., 2011). However, species present differential sensitivities to drought stress and to competition for space, water 
and light (Bolte et al., 2010; see discussion in Lloret et al., 2012). Under a 
warmer and drier climatic scenario, the chances of colonization by more drought-vulnerable species are expected to decrease, favoring competitive 
exclusion and the expansion of the more drought-resistant species (Cotillas 
et al., 2009; Montserrat-Martí et al., 2009) although demographic and 
evolutionary mechanisms could counteract individual vulnerabilities (Lloret 
et al., 2012). 
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Most climatic models project temperature rises at a mean rate of +1.2 °C 
during winter and +2 °C during summer for the forthcoming 30 years in the 
Western Mediterranean Basin (A2 scenario, Christensen et al., 2007). Total annual precipitation is expected to decrease in the same area according to most climatic models, although discrepancies exist among models regarding 
the extent of the reduction. Interestingly, the timing of the occurrence of 
increased temperature and decreased precipitation can be equally or even more important for plant performance than mean annual climatic values 
(Menzel et al., 2006). However, the impact of this timing has received still little 
attention, despite the fact that aridification is expected to aggravate during 
spring, a critical season for the vegetative activity of most Mediterranean 
trees (Mitrakos, 1980; de Castro et al., 2005). 
Dendrochronology allows quantifying and comparing growth responses to drought through time in tree species, which could be crossdated with 
yearly resolution (Fritts, 1976). Trees and other woody species reduce 
their radial growth in response to water deficit depending on the species 
sensitivity to drought stress and also as a function of the seasonal occurrence 
of the drought, which may affect differently earlywood and latewood 
formation. For instance, spring droughts reduced more the earlywood than the latewood width in the Mediterranean conifer P. halepensis (Pasho et al., 
2012). Comparing growth responses to extreme droughts of coexisting tree 
species is crucial for understanding future forest dynamics under more arid 
conditions. However, most of the comparative studies in the Mediterranean 
Basin are based on only one or two species (but see Rozas et al., 2009) and are 
usually focused on whole tree-ring width. In contrast, studies distinguishing 
earlywood and latewood widths allow better understanding on how tree 
growth is differently affected by seasonal water shortage, since xylogenesis 
and the formation of both earlywood and latewood are influenced by distinct 
climatic factors (Pasho et al., 2012).
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Figure 1. Growth rings of the four study tree species found in Mediterranean 
forests: a) Quercus ilex (diffuse- to semi-ring porous wood), b) Quercus faginea 
(ring-porous wood), c) Pinus nigra (conifer wood), d) Juniperus thurifera (conifer 
wood). The narrow tree ring formed in 2005 corresponds to an extreme dry year. 
The distinctions between earlywood (EW) and latewood (LW) within a growth ring are also shown in the tree ring formed in 2006.
We have studied here all the dominant tree species in a Mediterranean 
continental area (Quercus ilex, Q. faginea, Pinus nigra, Juniperus thurifera, 
see Figure 1) to: i) quantify radial-growth variability across time among 
coexisting species with contrasting leaf habits and wood types; ii) assess 
how the changes in earlywood, latewood and tree-ring widths of the different species have responded to seasonal climatic variables during the last three 
decades; and iii) evaluate how radial growth is affected by severe drought 
events, comparing species’ recovery capacity after drought occurrence. We 
hypothesized that the responsiveness to severe droughts would vary among 
species according to their wood anatomy and leaf habit. We expect Q. faginea, 
a deciduous species with ring porous wood, to be more negatively affected 
by the observed increases in temperature and drought episodes than the evergreens, as growth and carbon gain are limited to spring and autumn in 
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this species (Montserrat-Martí et al., 2009). In contrast, we expect evergreens 
to better tolerate water deficit than the deciduous species (Cherubini et al., 
2003), but such tolerance will also depend on wood and conduit anatomy. 
Vessels of the diffuse- to semi-ring porous wood type of Q. ilex have higher 
conductivity but are also more vulnerable to embolism than tracheids 
(Hacke and Sperry, 2001). Thus, we expected that the narrow tracheids of the two conifers would allow them to be less vulnerable to the loss of 
hydraulic conductivity caused by drought-induced embolism, particularly in the case of J. thurifera which forms the narrowest conduits of all study 
species. We expect P. nigra, the species with highest growth rates, to exhibit 
the strongest growth reduction (particularly in earlywood production), 
particularly if drought severity increases over spring when radial growth 
peaks. We discuss the implications of the different growth patterns and of the potential trade-offs, such as a higher growth rate at the cost of an increased 
vulnerability to drought, within the context of coexisting tree species under warming climate scenarios where extreme drought events are expected to 
become more frequent. 
3.3.- Materials and methods
Study site and species
The study area is located in Alto Tajo Natural Park, in Central Spain 
(Guadalajara, Castilla-La Mancha). The climate is continental Mediterranean 
with hot and dry summers and cold winters. Mean annual precipitation is 
499 mm, with August being the driest month (25.6 mm) and May the rainiest 
one (66.1 mm). Mean annual temperature is 10.2 °C, with January being 
the coldest month (2.4 °C) and July the warmest one (19.5 °C), according to climatic data of the closest meteorological station, located at ca. 35 km 
from the sampling sites (Molina de Aragón: 40° 50’ 40’’ N, 1° 53’ 07’’W, 1063 
m a.s.l., 1951-2007 period, data provided by the Spanish Agencia Estatal de 
Metereología). The soils are calcareous, poorly developed and formed mainly 
from Cretaceous and Jurassic limestone.
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We selected four representative and dominant tree species of the 
Mediterranean ecosystems in continental areas: two Fagaceae species including an evergreen oak with diffuse- to semi-ring porous wood -Quercus 
ilex subsp. ballota (Desf) Samp- and a deciduous oak with ring-porous wood -Quercus faginea Lam.-, and two conifers of the Pinaceae (Pinus nigra 
J.F. Arnold subsp. salzmannii (Dunal) Franco) and Cupressaceae (Juniperus 
thurifera L) families (Figure 1). Within the study area, we randomly selected 
seven sites (Table 1), which have remained unmanaged, at least, for the last 
three decades. Between January and May 2008 we randomly selected 15 
single-stemmed dominant trees per species at each site that had similar DBH 
(diameter at breast height, 1.3 m of height) and showed no symptoms of 
decline or pathogenic infection (see Table 2 for details on DHB, age, tree-ring 
width and number of sampled trees and radii). Trees were tagged, mapped 
and measured for DBH. Tree density was obtained from 100 m2-plots at each 
site. While not all the species were present in all sites, the whole range of local 
climate where each of these species is present in the study area was covered. 
Climatic data
Long-term regional climate records (mean monthly temperature and 
rainfall for each year between 1950 and 2007) were obtained from the 
“Molina de Aragón” meteorological station. We estimated water availability 
as precipitation minus actual evapotranspiration (WA = P-AET, Figure 2b), 
where AET was calculated following a modified Thornthwaite method 
(see Willmott et al., 1985), with a software developed by Daniel G. Gavin 
(http://geography.uoregon.edu/envchange/pbl/software.html). Mean and total annual precipitations were calculated from September of the previous 
year to August of the current year following Camarero et al. (2010). Linear 
regressions were conducted to test the climatic trends (temperature, 
precipitation and WA) for different periods (see Table S1). To estimate local 
climate at each site (an average value for the period 1951-1999; Table 1) 
we used the Digital Climatic Atlas of the Iberian Peninsula (DCAIP). The 
DCAIP is a set of digital climate maps of air temperature (minimum, mean 
and maximum), precipitation and solar radiation for the whole Iberian 
Peninsula, with monthly and annual temporal resolutions and a spatial 
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resolution of 200 m (Ninyerola et al., 2005). These maps are obtained using data for the climatic variables from meteorological stations, and data for 
geographic variables (altitude, latitude, continentality, solar radiation and 
the geomorphology of the terrain). 
Table 2. Characteristics of the study species and sites.
Species Site DBH (cm) Age (years) TRW (mm) No. trees No. radii
Q. ilex TI 13.6 ± 0.6 70 ± 2 0.6 ± 0.4 17 30TA 17.7 ± 0.5 62 ± 2 1.0 ± 0.5 12 21AR 13.9 ± 0.7 41 ± 4 1.1 ± 0.6 12 24Mean 15.1 ± 0.6 58 ± 3 0.9 ± 0.5
Q. faginea HP 17.7 ± 1.0 47 ± 1 1.4 ± 0.7 16 29AR 17.9 ± 0.7 46 ± 2 1.4 ± 0.8 14 28Mean 17.8 ± 0.8 47 ± 1 1.4 ± 0.7
P. nigra HP 28.8 ± 1.6 51 ± 5 2.0 ± 0.8 15 30TI 29.9 ± 1.5 48 ± 1 2.3 ± 1.2 17 30TA 28.6 ± 1.0 42 ± 3 2.6 ± 1.2 15 30AR 24.8 ± 1.1 62 ± 8 1.5 ± 0.8 16 31
QU 31.2 ± 2.0 44 ± 2 2.4 ± 0.9 15 29Mean 28.7 ± 1.2 49 ± 2 2.2 ± 1.0
J. thurifera RS 19.5 ± 0.6 44 ± 3 1.9 ± 0.6 14 27BF 17.7 ± 1.6 42 ± 3 1.8 ± 0.7 14 18TA 16.5 ± 1.3 43 ± 3 1.5 ± 0.7 14 27
 Mean 17.9 ± 1.2 42 ± 2 1.7 ± 0.7   
DBH Diameter at breast height (mean ± SE), Age Age estimated at 1.3 m (mean ± SE), TRW tree ring width 
(mean ± SD).
Sampling and dendrochronological procedures
Trees selected in the field were cored at 1.3 m height using a Pressler increment borer. Two complete radii were extracted from each tree. The cores were air-dried, glued onto wooden mounts and polished. Then, the 
wood samples were visually cross-dated (Stokes and Smiley, 1968, Figure 
1). Earlywood, latewood and tree-ring widths were measured on a LINTAB 
measuring device (Rinntech, Heidelberg, Germany) with a resolution of 
0.001 mm. Earlywood and latewood were measured for all the species at each site except for Q. ilex because the diffuse- to semi-ring wood of this 
species did not allow distinguishing the two types of wood (Figure 1). We 
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distinguished earlywood and latewood based on the cross-sectional area of vessels and tracheid lumens, and the thickness of tracheid double cell 
walls in the case of conifers (see also Corcuera et al., 2004a; Camarero et al., 
2010; Pasho et al., 2012). The visual cross-dating was statistically checked 
using the program COFECHA (Holmes, 1983). For each tree, measurements from the two cores were averaged. The trend of decreasing ring-width with 
increasing tree size was removed by converting radial increment into basal 
area increment (BAI) using the formula: BAI = π (rt
2 – rt-12); where r is the tree radius and t is the year of tree-ring formation. In the case of cores without pith, we used a geometric method based on the curvature of the innermost tree ring to estimate the number of missing rings up to the theoretical pith. 
A local tree-ring-width chronology was established for each site and species. For each tree, its cross-dated ring-width series was detrended and 
standardized to remove age-related growth trends (Fritts, 1976; Cook and 
Kairiukstis, 1990). The series of raw data were processed with a double 
detrending. First, a negative linear or exponential function was fitted. Then, 
we used cubic smoothing splines with a 50% frequency response cutoff of 30 
years to keep the high-to-medium frequency response to climatic variability 
(Cook and Peters, 1981). Autoregressive modeling was performed on each 
detrended ring-width series to remove most of the first-order autocorrelation 
and the pre-whitened series were finally averaged using a biweight robust 
mean to obtain residual site chronologies (Monserud, 1986). These analyses 
were done using the program ARSTAN (Cook, 1985). We used site residual 
chronologies (see Table S2) for assessing growth-climate relationships, and 
also for calculating correlations between earlywood, latewood and ring-
width indices (see Tables S2 and S3). We used earlywood, latewood and ring-width indices for the period 1977-2007, which ensured us that most of the trees from the four species had reached a mature phase. Plus, since 1977 mean annual temperatures have increased at least +0.3 °C per decade in the 
Iberian Peninsula and also in the study area (de Castro et al., 2005; Gimeno 
et al., 2012a).
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Figure 2. Temporal evolution of mean basal area increment (BAI, lines) and number 
of measured trees (bars, right y-axis) per year for the four species (a; Quercus ilex, 
black bars and circles; Quercus faginea, white bars and circles; Pinus nigra, striped 
bars and black triangles; Juniperus thurifera, grey bars and diamonds) as compared 
with annual water availability (WA) during the period 1952-2007 (b). Broken lines 
represent trends for two different sub-periods (1952-1976 and 1977-2007), while 
the continuous line shows the trend for the period 1952-2007. Regression coefficients 
for annual and seasonal temperature, precipitation and water availability are shown 
in Table S1. Arrows in graphs (a) and (b) point extreme drought years chosen for 
further analyses.
Growth patterns in relation with tree density, annual and monthly climatic 
variables
A linear mixed-effects model was used following Zuur et al., (2007) to 
test the effect of tree size (DBH), time (year), tree density (trees/ha) and 
annual precipitation (PSep-Aug, from September of the year previous to growth 
(t-1) up to August of the year of growth (t)) on (log-transformed) BAI of 
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each species. Thus, our response variable was BAI of each year for each 
tree while DBH, year, tree density and annual precipitation were included 
in the model as fixed factors. The random component of the model were the 
individual trees at each site. We built a set of models per species and the model with the best subset of predictors was selected comparing the Akaike 
Information Criterion (AIC; Burnham and Anderson, 2002). These models 
were performed using growth data from the 15 trees per species and site (all 
years for the period 1977-2007). Analyses were performed using the nlme 
package in the R statistical software (Pinheiro et al., 2000), R Development 
Core Team 2011, Vienna, Austria).
To relate each species residual chronology (earlywood, latewood and 
tree-ring widths) to monthly climatic data (mean temperature and total 
precipitation derived from the “Molina de Aragón” meteorological station) 
we calculated Pearson correlation and response function coefficients for the period 1977-2007, since the last ones reduce the spurious effects 
on correlations caused by the collinearity among climatic variables. The 
significance and stability of the calculated regression coefficients were 
evaluated based on 1000 bootstrap estimates obtained by random extraction 
with replacement from the initial data set (Guiot, 1991). Growth-climate 
relationships were analyzed from September (t-1) up to August (t) for the 
whole ring-width and also for earlywood and latewood widths separately. In the case of Q. ilex, only tree-ring width was considered. To calculate the 
correlation and response coefficients we used the program Dendroclim2002 
(Biondi and Waikul, 2004).
Superposed epoch analysis (SEA)
The superposed epoch analysis (SEA) was used to quantify growth 
reductions during extreme drought events (Lough and Fritts, 1987). SEA is a simple but powerful randomization test to evaluate growth departures 
from mean values for selected dry years, which has been previously used in 
dendroecology (Orwig and Abrams, 1997; Martín-Benito et al., 2008; Pasho 
et al., 2012). We selected four extremely dry years for the period 1977-
2007: 1981, 1990, 1999 and 2005, which mean water availability (WA) 
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values were 4.23, 6.69, 6.74 and 4.17 mm, respectively, being the mean WA 
for the period 65.15 ± 9.16 mm. Mean indexed growth values of earlywood, 
latewood and ring-width during these extreme drought years and also 
during two years before and after the drought year were considered within 
the temporal window of the analyses. We used the software Resampling Stats 
(Bruce, 1991) to randomly select 10,000 sets of five years from each series 
and to estimate the confidence intervals (P < 0.05) for the plotted growth 
departures (cf. Haurwitz and Brier, 1981).
3.4.- Results
Climatic trends, tree characteristics and growth patterns
Our results support a seasonal warming trend in the study area since 
both spring and summer mean temperatures have risen significantly at 
a rate of +0.7 and +0.6 °C per decade since the late 1970s, respectively 
(R2 = 0.42 and 0.29; P < 0.0001 and P < 0.001; see Table S1). Contrastingly, 
winter and autumn temperatures and precipitation and water availability 
showed no significant trends (Figure 2b, Table S1). 
Mean growth rates were minimal for Q. ilex and maximal for P. nigra, with intermediate values for Q. faginea and J. thurifera (Figure 2a; Table 2 and 
Table S2). All species showed significant positive temporal autocorrelation 
at a lag of one year in their BAI series at least in one site (Table S4). In the case of J. thurifera this positive temporal autocorrelation was observed in all the sites, while for the other species this was observed in the site with the highest 
water availability, i.e. site AR (Table 1). Regarding the dendrochronological statistics, we found a strong common signal within each stand for most 
variables except in the case of earlywood width in Q. faginea and latewood width in J. thurifera (Table S2).
Linear mixed-effects models indicated that BAI has significantly declined through time for Q. faginea and increased for J. thurifera since the late 1970s 
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(Figure 2, Table 3), while Q. ilex and P. nigra maintained stable growth rates 
for the same period. Tree density at each site did not show significant effects 
on tree growth for any species, as indicated by the exclusion of such variable 
in the best model for each species (Table 3). Annual precipitation and tree size had a positive effect on BAI for all species.
Table 3. Results from the linear mixed models of basal area increment for the period 
1977-2007. Only the fixed factors of the best model obtained by AIC selection criteria are shown. 
Species Factor Estimate SE DF t-value p-value
Q. ilex (Intercept) -0.1223 0.0941 1041 -1.2996 0.194
DBH 0.0290 0.0060 33 4.8145 <0.0001PSep-Aug 0.0002 0.0000 1041 6.9937 <0.0001
Q. faginea (Intercept) 2.7741 0.6642 868 4.1767 <0.0001
DBH 0.0275 0.0047 27 5.8249 <0.0001Time -0.0014 0.0003 868 -4.2800 <0.0001PSep-Aug 0.0002 0.0000 868 6.8708 <0.0001
P. nigra (Intercept) 0.1524 0.0631 2219 2.4138 0.0159
DBH 0.0204 0.0021 73 9.6839 <0.0001PSep-Aug 0.0004 0.0000 2219 12.6944 <0.0001
J. thurifera (Intercept) -28.9458 0.8982 1181 -32.2247 <0.0001
DBH 0.0286 0.0032 39 9.0281 <0.0001Time 0.0146 0.0004 1181 32.5194 <0.0001 PSep-Aug 0.0002 0.0000 1181 5.3664 <0.0001
Fixed factors were: DBH = diameter at breast height, Time = year (from 1977 to 2007), PSep-Aug = 
annual precipitation (from September (t-1) to August (t) for the period 1977-2007) obtained from the 
meteorological station from “Molina de Aragón” and Tree density = trees/ha. Random factors were the 
trees at each site (Std. Dev. for the random effects are 0.1, 0.09, 0.1 and 0.08 for Q. ilex, Q. faginea, P. nigra and J. thurifera, respectively. 
Relationships between growth and seasonal climate 
Quercus ilex growth was favored by warm temperatures during the 
previous autumn (November) and by warm conditions in February and 
mild and rainy conditions in April. The growth of this species was also 
enhanced whenever summers were wet and mild (Figure 3a,). Growth of Q. 
faginea was mainly favored by precipitation during winter (February) and 
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spring (April, May), although temperatures also had an effect on earlywood 
(positive during the previous October and negative during the current July, 
Figure 3c, d). Overall, the radial growth of P. nigra was not significantly 
correlated with temperatures. Instead, previous rainy autumns (September-
November) and rainy springs (May) of the year of ring formation favored 
growth of this species (Figure. 3e, f). The growth of J. thurifera (Figure 3g, 
h) was significantly and positively related to current April temperatures, but 
negatively to rainy conditions in March. Wet autumns during the previous 
year and rainy and mild summers (June and July) enhanced growth of this last species. 
Drought effects on earlywood, latewood and tree-ring widths
The analyses of the growth responses to selected droughts revealed that 
P. nigra was the species most affected by extreme drought events, showing 
sharp declines (ca. -40%) in both earlywood and latewood widths (Figure 
4). Moreover, all the species showed significant growth reductions during 
the drought events in at least one site (Figure 4). Two years after the drought events most species recovered their growth rates at all the sites, being 
similar to those two years before the drought event or even showing higher 
growth rates (e.g. P. nigra in site TA). The evergreen Q. ilex only showed 
growth declines in AR (around 25% reduction), and its growth recovered 
the following two years after the drought events. The deciduous Q. faginea 
showed the effects of drought only on latewood, and growth rates of this 
species had not completely recovered two years after drought occurrence. The conifers P. nigra and J. thurifera presented strong reductions of 
earlywood width (from -15% to -40% depending on the site). However, their 
growth levels recovered two years after the drought, increasing the growth 
rates in some cases (Figure 4). In the case of latewood, P. nigra showed the 
same pattern as earlywood, but in J. thurifera it was barely affected being 
significant only in one of the sites (RS) with a 10% mean reduction in width.
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Figure 3. Relationships between monthly climatic variables (mean temperature, 
precipitation) and tree-ring (RW, black bars), earlywood (EW, white bars) and 
latewood (LW, grey bars) width indices for the four species. Pearson correlation 
coefficients were calculated between the residual chronologies and temperature 
or precipitation (Q. ilex (a, b); Q. faginea (c, d); P. nigra (e, f); J. thurifera (g, h)). 
Significant correlation and response function coefficients (P < 0.05) are indicated 
with asterisks and crosses, respectively. Months abbreviated by capital and lower 
case letters correspond respectively to the years before (year t-1) and during tree-
ring formation (year t).
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3.5.- Discussion
Growth patterns across species and temporal growth trends 
Very low growth rates were found in both Quercus species compared to the 
conifers, which may be a consequence of the higher density and construction costs of their wood and agrees well with previous reports for hardwoods vs. 
softwoods (Hacke and Sperry, 2001). While species with faster growth rates are considered to be more competitive than slow-growing ones under mesic 
conditions, there are many other factors that provide additional competitive advantage in drought-prone forests, favoring coexistence or unexpected 
displacement of co-occurring species. As an example, Camarero et al. (2010) 
recently discussed how plastic xylogenesis of Juniperus thurifera under distinct climatic conditions could provide an advantage against co-occurring 
Pinus species if water availability decreases. Quercus faginea showed a 
significant decline in basal area increment since the late 1970s, similar to 
other drought-sensitive tree species in Mediterranean ecosystems (Jump et 
al., 2006; Linares and Tíscar, 2010). On the contrary, J. thurifera experienced 
an enhanced basal area increment through time. While CO2 fertilization and warmer temperatures are supposed to enhance forest growth in temperate and cold areas, tree growth is expected to decline in Mediterranean regions due to a lack of compensation between carbon fertilization and drought 
increase (Linares et al., 2009; Lindner et al., 2010). It is not easy to disentangle climatic from CO2 fertilization effects on growth. However, positive effects of increasing atmospheric CO2 concentrations on tree growth have been regarded as a potential driver explaining the rising growth trends in mesic 
Scots pine forests from north-eastern Spain (Martínez-Vilalta et al., 2008). In our case, the observed increase in growth rates of J. thurifera is most likely a joint effect of both the CO2 fertilization effect (Granda et al. 2013, in press) and 
warmer temperatures (Gimeno et al., 2012a), which matches well with the 
drought tolerant strategy of Juniperus species (Martínez-Ferri et al., 2000). 
As expected, tree size influenced growth responses (Gómez-Aparicio et al., 
2011), but contrary to expectations (Linares et al., 2010; Gómez-Aparicio et 
al., 2011) competition was not an important factor affecting the growth of the trees studied.
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Warm temperature and changing precipitation: timing matters
The abrupt warming identified since mid 1970s has no precedents and 
it is mainly due to rises in spring and summer temperatures (Brunet et al., 
2009). Our site, located in a Mediterranean continental area, also showed 
clear signs of warming since 1952, but this was particularly evident for the 
period 1977-2007. Despite precipitation showed no significant temporal 
trend, aridity as perceived by trees must have increased due to warming. 
Furthermore, our results show how all species were positively responding 
to high precipitations, but species-specific growth was highly dependent on the timing, i.e. the month or season when temperature rise and precipitation decrease occur. Our results highlight the different responses of tree growth 
of coexisting species to seasonal and even monthly climatic oscillations 
(Sass-Klaassen et al., 2008; Rozas et al., 2009; Linares and Tíscar, 2010).
Spring and summer climatic variables are expected to be the most important factors affecting growth in Mediterranean forests. This was true 
for all species, but we found different species-specific responses. Our results point out that warmer temperatures during spring and an extended growing season due to climate change could enhance growth of the species that were 
favored by high spring temperatures, namely Q. ilex and J. thurifera in our 
study case (see also Corcuera et al., 2004b). Rain during March produced narrow rings in J. thurifera, which may be caused by the negative influence of 
cloud cover on tree growth on this species as shown by Gimeno et al. (2012a). Instead, P. nigra and Q. faginea positively responded to wet springs but not to warm temperatures. The second species was the one that responded earlier 
to spring precipitations (April). This is because, as a deciduous species with 
ring-porous wood, it needs to form a new ring of functional xylem before 
budburst in order to match its high spring water requirements (Corcuera 
et al., 2006; Sanz-Pérez et al., 2009). During summer, cambial activity 
is mainly arrested in most Mediterranean tree species (Cherubini et al., 
2003; Camarero et al., 2010). However, species which are able to maintain carbon gain under harsh climatic conditions, such as Q. ilex and J. thurifera 
(Salleo and Gullo, 1990; Corcuera et al., 2005; Gimeno et al., 2012a), may 
also be able to grow during summer, and thus, may be more affected by 
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climatic conditions during this season. The negative effect of high summer 
temperatures on earlywood for Q. faginea indicates that when summers are 
very hot earlywood formation is restricted to a few weeks in spring. Warmer 
summers may lead to the formation of a low amount of wide earlywood 
vessels and, as a result, the risk of drought-induced xylem embolism may 
diminish (Tyree et al., 1994). 
In Mediterranean areas the timing of precipitation and temperature 
increase is not only important during the growing season. In fact, winter precipitation had a great positive effect on the growth of the deciduous oak Q. faginea, similar to what Corcuera et al., (2004a) found. Surprisingly, 
it was the latewood, which is mostly formed during summer and autumn, the wood section most sensitive to the amount of late-winter and spring 
precipitation. This finding could be explained by the water uptake from 
deeper soil layers thanks to the deep roots of this species (Corcuera et al., 
2004a), or because of wet winter and spring conditions enhanced earlywood 
production and this indirectly improved latewood production (Pasho et al., 
2012). Besides precipitation, the winter temperature also influenced in the 
case of evergreen species physiological processes such as carbon uptake and 
storage and respiration related to secondary growth in spring. Low winter 
temperatures may cause freezing-induced xylem embolism and reduce 
hydraulic conductivity then decreasing growth in spring (Sperry et al., 1994; 
Tyree, et al., 1994). We found that the evergreen oak Q. ilex was the species 
most influenced by winter warm temperatures, revealing that the synthesis 
of photosynthates during winter is important in this species probably to form 
wood during the following spring as discussed elsewhere (Savé et al., 1999). 
The timing of certain climatic episodes does not only refer to seasons 
within a year, but also to specific years within a decade. Tree-ring 
formation may be very dependent on the water supply, temperatures and 
photosynthetic activity in the previous autumn as shown by our results. This 
relationship was particularly evident in J. thurifera, in which the latewood 
width of the previous year and the tree-ring width of the current one were 
highly correlated at all sites. As a result, this species might be able to store 
carbohydrates that can be used to grow the following year, as has been 
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evidenced in other conifers (Kagawa et al., 2006). The other study species 
showed marked temporal autocorrelation only in the stand with greater 
water availability, meaning that the influence of previous year growth on 
the following year is dependent on site conditions. Such site-dependent 
carryover effect may be a valuable aim for further research because ongoing climate change might be uncoupling these temporal autocorrelations. 
Figure 4. Superposed epoch analyses showing positive and negative growth 
departures for the drought year (year 0) and two years before (years -1 and -2) 
and after the drought (years +1 and +2). The analyses corresponded to ring-width indices in the case of Q. ilex (a) and to earlywood and latewood width indices for the 
rest of species (Q. faginea, b and c; P. nigra, d and e; J. thurifera, f and g). Different 
symbols indicate different sites (see sampled sites in Table 1). Values were calculated 
considering four extreme drought years (1981, 1990, 1999, 2005). The black filling 
denotes a significant (P <0.05) growth departure.
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Responses to extreme drought events
Our results confirm that severe droughts affect tree growth, but also, and 
more importantly, that not all species were equally affected and not all of 
them presented the same recovery rates. The species showing the highest 
growth rates (P. nigra) showed the sharpest growth decline during drought events. Other studies have also revealed this species to be drought sensitive 
(Linares and Tíscar, 2010; Martín-Benito et al., 2011). However, growth 
rates recovered two years after the drought suggesting that drought-
induced abrupt growth declines may be rapidly counterbalanced in P. nigra. 
Nevertheless, such recovery capacity could also be severely compromised 
under a drier scenario with more frequent and severe droughts (Allen et 
al., 2010). Overall, the latewood growth of Q. faginea (highly correlated to 
tree-ring width) was not completely recovered two years after drought. These results agree with other studies on oak species from temperate 
forests (Orwig and Abrams, 1997). Reduced latewood production has very 
severe consequences for species with ring-porous wood. First, this partially 
constrains earlywood formation during the following year due to lower stem increment, and, second, it turns them more vulnerable to drought- and frost-induced cavitation, since narrow latewood vessels are responsible for 
water conductivity when the wider earlywood vessels cavitate (Corcuera et 
al., 2006). 
Therefore, more frequent and severe droughts can have serious 
consequences for certain Mediterranean tree species, particularly ring-
porous species, whose dominance might be reduced and might be eventually 
replaced by other co-occurring species that recover better after severe drought events. In addition, our results indicate that site differences also 
play an important role on individual responses to drought. As an example 
Q. ilex showed a sharp growth decline during drought only in the stand with 
higher water availability, suggesting that trees may be more vulnerable to 
drought events when acclimated to humid environments (Martínez-Vilalta 
et al., 2012). 
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3.6.- Conclusions
All dominant tree species in a Mediterranean continental forest (Quercus 
ilex, Quercus faginea, Pinus nigra and Juniperus thurifera) were affected 
by extreme droughts, being P. nigra the species that showed the strongest 
growth reduction. However, this species was able to recover its growth rates after these events, while the deciduous Q. faginea, less affected by extreme 
droughts, was not able to fully recover after two years. Thus, we claim that Q. 
faginea, particularly vulnerable to extreme drought events, will be the most 
affected by the expected increase in the frequency of intense drought. Not 
only tree size but also annual precipitation influenced growth of the four co-
occurring species, but timing along the year of increased temperature and 
precipitation had important and contrasting effects on the study species. 
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3.8.- Supplementary material
Table S1. Results of the linear regressions calculated for annual and seasonal 
mean temperature (T), total precipitation (P) and water availability (WA) vs. time 
considering different periods (1952-2007, 1952-1976, 1977-2007).
Period Variable R2 F ratio P Equation1952-2007 Annual T 0.23 15.82 0.0002 T = - 25.99 + 0.018 yearAnnual P 0.02 1.18 0.28 ns
Annual WA 0.04 2.29 0.13 ns1952-1976 Annual T 0.202 5.83 0.02 T = 76.42 – 0.034 yearAnnual P 0.132 3.48 0.07 P = - 10993 + 5.86 year
Annual WA 0.134 3.57 0.07 WA = -7711 + 3.98 year1977-2007 Annual T 0.210 9.01 0.005 T = -51 + 0.03 yearSpring T 0.425 23.15 < 0.0001 T = -136 + 0.07 yearSummer T 0.290 13.25 0.001 T = -116 + 0.06 yearAutumn T 0.003 0.09 0.757 ns
Winter T 0.008 0.24 0.624 nsAnnual P 0.041 1.23 0.276 nsSpring P 0.048 1.45 0.237 nsSummer P 0.014 0.406 0.529 nsAutumn P 0.035 1.072 0.309 ns
Winter P 0.078 2.45 0.128 ns
Annual WA 0.06 1.82 0.180 ns
Annual variables are calculated from the previous September up to August of the growth year. Significant 
(P<0.05) regressions are in bold and non-significant regressions are indicated by “ns”. Water availability 
was estimated as precipitation minus actual evapotranspiration (WA=P-AET), and AET was calculated 
following a modified Thornthwaite method.
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Table S2. Dendrochronological statistics of the site chronologies. Sites’ codes are as in Table 1.
Species Site Variable Time span Common interval
Mean 
(mm) AR1 MSx rbt EPS SNR PC1 (%)
Q. ilex TA RW 1935-2007 1952-2007 0.65 0.55 0.20 0.28 0.78 4.50 35.32TI RW 1932-2007 1946-2007 1.01 0.54 0.22 0.29 0.81 4.74 36.14AR RW 1955-2007 1966-2007 1.22 0.62 0.22 0.32 0.85 5.18 44.22
Q. faginea AR EW 1954-2007 1970-2007 0.45 0.51 0.09 0.18 0.72 2.61 23.27AR LW 1954-2007 1970-2007 0.93 0.74 0.26 0.42 0.89 8.81 46.94AR RW 1954-2007 1970-2007 1.38 0.76 0.22 0.43 0.90 9.23 47.89
HP EW 1955-2007 1968-2007 0.48 0.46 0.08 0.11 0.64 1.76 17.80
HP LW 1955-2007 1968-2007 0.90 0.78 0.26 0.56 0.95 18.01 59.08
HP RW 1955-2007 1968-2007 1.38 0.79 0.20 0.56 0.95 18.18 59.28
P. nigra TA EW 1946-2007 1961-2007 1.81 0.68 0.19 0.43 0.91 10.39 46.24TA LW 1946-2007 1961-2007 0.69 0.46 0.30 0.37 0.89 7.80 42.01TA RW 1946-2007 1961-2007 2.59 0.68 0.26 0.49 0.93 13.67 53.12TI EW 1953-2007 1968-2007 1.64 0.68 0.22 0.38 0.89 8.02 43.20TI LW 1953-2007 1968-2007 0.63 0.50 0.28 0.42 0.90 9.36 47.17TI RW 1953-2007 1968-2007 2.27 0.69 0.29 0.42 0.90 9.46 47.09AR EW 1932-2007 1969-2007 1.10 0.61 0.23 0.35 0.89 8.50 42.52AR LW 1932-2007 1969-2007 0.43 0.32 0.45 0.33 0.89 7.84 38.98AR RW 1932-2007 1969-2007 1.53 0.59 0.33 0.42 0.91 10.17 48.94
HP EW 1911-2007 1970-2007 1.18 0.58 0.28 0.42 0.69 5.44 64.08
HP LW 1911-2007 1970-2007 0.56 0.46 0.30 0.34 0.88 7.50 40.05
HP RW 1911-2007 1970-2007 1.74 0.63 0.25 0.48 0.93 13.82 52.49
QU EW 1950-2007 1970-2007 1.66 0.62 0.17 0.28 0.83 4.95 33.69
QU LW 1950-2007 1970-2007 0.79 0.36 0.23 0.32 0.86 6.01 37.98
QU RW 1950-2007 1970-2007 2.45 0.58 0.23 0.35 0.88 7.09 40.50
J. thurifera TA EW 1949-2007 1963-2007 1.23 0.54 0.24 0.44 0.90 8.71 48.75TA LW 1949-2007 1963-2007 0.36 0.34 0.15 0.11 0.57 1.37 18.94TA RW 1949-2007 1963-2007 1.59 0.59 0.20 0.41 0.89 7.79 46.45RS EW 1941-2007 1963-2007 1.53 0.49 0.22 0.44 0.90 9.52 48.73RS LW 1941-2007 1963-2007 0.35 0.41 0.15 0.08 0.53 1.12 17.37RS RW 1941-2007 1963-2007 1.88 0.53 0.24 0.39 0.92 9.20 46.80BF* EW −−− −−− −−− −−− −−− −−− −−− −−− −−−BF* LW −−− −−− −−− −−− −−− −−− −−− −−− −−−BF RW 1944-2007 1965-2007 1.78 0.49 0.29 0.39 0.89 8.15 44.27
Note.- All parameters refer to residual chronologies excepting the mean and the first-order autocorrelation 
(AR1) which were calculated using raw data. Site = codes are as in table 1; variable: RW = tree-ring width; 
EW = earlywood width; LW = latewood width. Common interval = the statistical reliable time span (see EPS 
below); AR1 = first-order autocorrelation; MSx = mean sensitivity, which measures the relative difference 
in width from one ring to the next with larger values corresponding to greater high-frequency variability 
(Fritts 1976); rbt = mean correlation between trees; EPS = Expressed Population Signal (a measure of the 
tree-to-tree common growth variance according to Wigley et al., (1984) used to define the well-replicated 
interval which is usually regarded when EPS > 0.85 according to Wigley et al. (1984); SNR = Signal-to-
Noise ratio, an assessment of how well replicated and related are the tree-ring series in each site; PC1 = 
variance explained by the first principal component.*In site BF only tree-ring width was measured.
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Table S3. Correlation coefficients showing the relationship between tree-ring (RW), 
earlywood (EW) and latewood (LW) width indices.
Variables Q. faginea P. nigra J. thurifera
RW(t)-EW(t) 0.75* 0.91* 0.99*
RW(t)-LW(t) 0.99* 0.83* 0.57*
EW(t)-LW(t) 0.68* 0.62* 0.48*
EW(t-1)-RW(t) 0.10 -0.10 0.09
LW(t-1)-RW(t) 0.12 -0.03 0.30*
EW(t-1)-EW(t) 0.03 0.01 0.09
LW(t-1)-EW(t) 0.23 0.11 0.33*
EW(t-1)-LW(t) 0.11 -0.07 0.18
LW(t-1)-LW(t) 0.08 0.00 0.26*
Correlations are calculated for the year of tree-ring formation (t) and those of the previous year (t-1). 
Significant (P <0.05) values are marked with an asterisk. The common period 1977-2007 was used in 
these analyses. 
Table S4. Partial autocorrelation coefficients of basal area increment for each 
species at each site. Sites’ codes are as in Table 1.
Q. ilex Q. faginea P. nigra J. thuriferaLags 
(years)
AR TA TI AR HP AR HP QU TA TI BF RS TA1 0.48* 0.15 0.11 0.51* 0.18 0.41* 0.27 0.32 0.23 0.28 0.77* 0.66* 0.72*2 0.002 0.25 -0.03 0.02 -0.20 -0.16 -0.22 0.03 -0.17 -0.24 0.13 0.03 0.123 0.17 0.29 0.04 0.21 -0.08 0.19 0.32 0.29 0.19 0.27 0.11 0.22 -0.014 0.02 -0.03 -0.25 0.12 0.10 -0.11 0.12 0.34 -0.02 0.02 0.12 -0.11 -0.065 0.15 0.25 0.06 0.17 -0.16 -0.08 0.00 0.06 0.13 0.09 0.14 0.05 0.10
Significant (P<0.05) autocorrelation coefficients are marked with an asterisk. 
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4.1.- Summary
Premise of the study: The impact of global change drivers on forest 
dynamics will depend upon the physiological performance and acclimation 
capacity of individual tree species. 
Methods: To investigate idiosyncratic responses of Mediterranean trees to increasing atmospheric CO2 concentrations (Ca) and drought we analysed 
secondary growth (basal area increment, BAI) and intrinsic water-use 
efficiency (iWUE) patterns during climatically contrasting years for the 
last four decades. We studied three species (Quercus faginea, Pinus nigra, 
Juniperus thurifera) co-occurring in continental Mediterranean forests located in central Spain. 
Results: All species increased their iWUE (ca. +15% to +21% between 
the 1970s and the 2000s) in response to rising Ca, which coupled with the effect of higher drought stress in Q. faginea and P. nigra. During climatically 
favourable years the study species either increased or maintained their 
growth at increasing iWUE probably due to a CO2 fertilization effect. 
However, during unfavourable climatic years Q. faginea and especially 
P. nigra showed sharp declines in growth at enhanced iWUE, likely caused by 
a reduced stomatal conductance to save water under stressful dry conditions. In contrast, J. thurifera showed enhanced growth also during unfavourable 
years at increased iWUE, suggesting that this species may benefit from high atmospheric CO2 concentrations even under climatically harsh conditions. 
Conclusions: Our results reveal significant interspecific differences in 
growth driven by alternative physiological responses to increasing drought stress. Thus, forest composition in the Mediterranean region might be altered 
due to contrasting capacities to withstand increasingly stressful conditions among coexisting tree species.
Keywords: climate change, carbon isotopes, tree rings, drought, CO2 fertilization.
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4.2.- Introduction
The current rise in atmospheric CO2 concentration (Ca) is a central driver of climate change, leading to substantial increases in temperature and altered 
annual distribution of rainfall (Robertson et al., 2001). The occurrence of increased Ca in drought-prone environments such as Mediterranean forest 
ecosystems is expected to drastically affect gas exchange, water use and 
secondary growth of C3 tree species (Ehleringer and Cerling, 1995; Huang et 
al., 2007). Given the strong influence of Ca and climate on tree physiology and 
growth, it is clear that forest productivity and composition will also be altered. 
Therefore, it is crucial to study how new climatic and environmental conditions 
are already affecting secondary growth through changes in physiological 
responses of trees growing under natural conditions (Huang et al., 2007). 
Global vegetation models assume that carbon sequestration rates will increase with rising Ca (Beedlow et al., 2004). This is because photosynthesis is expected to be enhanced due to a higher Ca intake (fertilization effect), 
which in turn leads to a higher synthesis of carbohydrates which are further 
allocated to plant tissues (Norby et al., 1999; Beedlow et al., 2004; Morgan 
et al., 2004). As a consequence, intrinsic water use efficiency (iWUE, i.e. the 
ratio of net assimilation to water conductance) and growth are expected to 
increase (Farquhar et al.,1989; Feng, 1999). Intrinsic WUE can be estimated 
by measuring stable carbon isotopes in tree-ring wood or cellulose 
(McCarroll and Loader, 2004). However, very few studies integrate long-
term iWUE, climate, Ca and growth records (but see Silva et al., 2010; Maseyk 
et al., 2011). Indeed, Peñuelas et al. (2011a) compiled 47 studies related to 
changes in tree-ring iWUE and/or growth from tropical, arid, Mediterranean, 
wet temperate and boreal regions, and only seven of them analyzed iWUE 
and growth together. Peñuelas and co-authors (2011a) concluded that the observed increases in Ca and iWUE do not suffice to increase growth, 
probably because additional factors such as drought stress also underlie the observed growth patterns. 
The effects of drought stress on tree physiology and growth are likely to 
be exacerbated in Mediterranean forests (Lavorel et al., 1998; Lindner et 
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al., 2010). These ecosystems are undergoing remarkable changes in their temperature regimes, experiencing strong drought events due to temperature 
increases and altered precipitation during the growing season (Christensen 
et al., 2007). Predictions suggest that future climate will be characterized 
by even greater rises in spring temperatures. This, coupled with decreased 
rainfall, will induce severe drought stress on tree species, particularly for 
seasons in which they become very active (e.g. spring), acquiring resources 
for growth and reproduction (Durante et al., 2009). 
Contrasting growth responses to climate change are often found in Mediterranean forests. A few studies point to enhanced growth as a response to increased Ca (Rathgeber et al., 2000; Martínez-Vilalta et al., 2008), while 
others show a declining trend at increasing iWUE (Peñuelas et al., 2008; 
Maseyk et al., 2011; Linares and Camarero, 2012). These discrepancies 
may be caused by particular species’ strategies in terms of iWUE and growth adjustments, linked to long-term acclimation to either elevated Ca or additional contingent factors (e. g. drought stress) limiting the CO2 
fertilization effect (Huang et al., 2007; Andreu-Hayles et al., 2011; Levanic et 
al., 2011; Linares and Camarero, 2012). Thus, the impact of climate change 
on Mediterranean forest productivity and composition will be strongly 
determined by the extent of acclimation responses of each species (Pías 
et al., 2010). As a result, further studies are needed to provide additional 
information about the interspecific ecophysiological responses regulating 
iWUE and growth at increasingly higher CO2 levels and at climatically 
contrasting years in drought-prone ecosystems.
In the present study we used tree-ring width and carbon stable isotope 
analysis to evaluate the effects of Ca and drought stress on growth and 
iWUE for three coexisting tree species (Quercus faginea, Pinus nigra subsp. 
salzmannii and Juniperus thurifera) in continental Mediterranean forests of central Spain. To emphasize inter-annual changes, we selected contrasting 
years with climatically favourable and unfavourable conditions for growth 
during four decades (from the 1970s to 2000s). Our specific goals were a) to 
compare temporal changes in secondary growth and iWUE of coexisting tree 
species during the last decades; b) to determine whether and how growth 
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and iWUE of coexisting species are responding to increases in atmospheric CO2 concentrations and drought stress; and c) to assess the relationship 
among iWUE and growth during climatically contrasting years. To fulfil these aims we have taken into account the interacting effects of the main factors that are causing the observed growth trends, shedding light to the 
potential underlying physiology related to changes in iWUE. Finally, we 
discuss potential species-specific growth responses to climate change and 
future dynamics in Mediterranean forests.
4.3.- Materials and methods
Study area, climatic data and species
The study area is located in Alto Tajo Natural Park, central Spain 
(Guadalajara, Castilla-La Mancha). The climate is continental Mediterranean 
with hot and dry summers and cold winters. Mean annual rainfall is 499 mm 
and mean annual temperature is 10.2 °C. Climate data (mean monthly 
temperature and accumulated precipitation for each year) was obtained 
from the closest station “Molina de Aragón” (40° 50’ 40’’ N, 1° 53’ 07’’, 1063 
m a.s.l., 1951-2007 period, data provided by the Spanish Agencia Estatal de 
Meteorología), located at ca. 36 km from the study area (Figure 1). A drought 
index (P/PET) was calculated as precipitation (P) divided by potential 
evapotranspiration (PET, following Thornthwaite and Mather, 1957) for the 
study years, corresponding lower values to higher drought stress.
Within the study area, we sampled trees at six sites differing in orientation and elevation to encompass the natural range of microclimatic conditions 
of continental Mediterranean ecosystems. At each site we randomly chose 
and sampled mature trees of similar dbh (diameter at breast height, 1.3 m) and age corresponding to the local dominant species: Quercus faginea Lam., 
Pinus nigra J.F. Arnold subsp. salzmannii (Dunal) Franco and/or Juniperus 
thurifera L. (see Table S1). Tree density was obtained from 100-m2 plots placed at each site.
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Figure 1. Temporal evolution during the growing period (spring and summer) of (a) 
mean temperature, T (°C), and (b) accumulated precipitation, P (mm) used to select 
climatically contrasting years within each period; and (c) drought index (P/PET), 
calculated as annual precipitation (P) divided by annual potential evapotranspiration 
(PET). Black arrows represent the selected climatic unfavourable years and grey arrows the selected favourable ones. Vertical dotted lines separate each decade. Climate data were obtained from the closest meteorological station, located at ca. 36 
km from the study area (“Molina de Aragón”: 40° 50’ 40’’ N, 1° 53’ 07’’, 1063 m a.s.l., 
1951-2007 period, data provided by the Spanish Agencia Estatal de Meteorología).
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Sampling and dendrochronological procedures
Dendrochronological methods were used to assess changes in stem radial 
growth. Between January and May 2008 we sampled 15 dominant trees 
per species and site that showed no symptoms of decline or pathogenic infection. These were tagged, mapped and their dbh was measured. Selected 
trees were bored at breast height (1.3 m) using a Pressler increment borer. Three complete radii were extracted from each tree and pith was reached in most of the cores. Two of the radii were used for assessing changes in growth following dendrochronological protocols. These cores were air-dried, glued 
onto wooden mounts and polished using sand-paper of progressively finer 
grain until tree-rings were clearly visible under a binocular microscope. 
Then, the wood samples were visually cross-dated to check for missing 
and false rings using the identification of signature years (Stokes and 
Smiley, 1968). Ring widths were measured on a LINTAB measuring device 
(Rinntech, Heidelberg, Germany) with resolution up to 0.001 mm. Tree-ring 
cross-dating was checked using the program COFECHA (Holmes, 1983). For 
each tree, measurements from the two cores were averaged as they were considered as replicates. The trend of decreasing ring width with increasing 
tree size was removed by converting radial increment into basal area 
increment (BAI) using the formula:
  BAI = π (rt
2 – rt-12) (1)where r is the tree radius and t is the year of tree-ring formation. The 
third sampled radius was used for isotope analyses.
Tree-ring isotopes: tree-ring selection, cellulose extraction and isotope analysis
Stable carbon isotopes in tree rings provide useful estimates of long-
term changes in iWUE (McCarroll and Loader, 2004). The two stable carbon 
isotopes present in the biosphere (12C and 13C) are incorporated in C3 plants 
in varying amounts depending on the ratio between the intercellular (Ci) 
and the atmospheric carbon concentrations (Ca). For example, if a drought event occurs, stomatal conductance will decrease relative to the rate of 
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photosynthesis, and the diminished Ci will cause less discrimination against 13C (Farquhar et al., 1989). 
For isotope analyses we selected five trees of each species at each site with 
similar growth trends in the selected years. Within each decade (between 
the 1970s and the 2000s), we selected two climatically contrasting years using mean temperature and accumulated precipitation during the growing 
period (spring and summer, Figure 1): one favourable year (i.e. year within a 
decade with a combination of high precipitation and low temperatures) and 
one unfavourable year (i.e. year within a decade with a combination of low 
precipitation and high temperatures). The selected climatically favourable 
years corresponded to 1971, 1988, 1993 and 2007; while the unfavourable 
years were 1979, 1986, 1994 and 2005 (Table 1). Tree rings (including 
earlywood and latewood) were separated manually from the cores using a 
scalpel under a stereomicroscope. We then proceeded to extract cellulose on 1 mg of wood per individual ring. Cellulose extraction was performed to 
obtain purified α-cellulose based on a modification of the method of Leavitt 
and Danzer (1993) for the removal of extractives and lignin, as detailed in 
Ferrio and Voltas (2005). 
Ovendried α-cellulose was weighed (0.10–0.20 mg) into tin foil capsules 
and combusted using a Flash EA-1112 elemental analyzer interfaced with a Finnigan MAT Delta C isotope ratio mass spectrometer at the Stable Isotope 
Facility (University of California, Davis, USA). The isotope signature is 
expressed in the delta notation (d, carbon isotope composition) relative to 
the standard VPDB (IAEA, 1995):
 d13C (‰) = [(Rsample/Rstandard) -1] x 1000,  (2)in which Rsample and Rstandard represent the 13C/12C ratios of the sample and 
the VPDB international standard, respectively (Farquhar et al., 1982).
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Water-use efficiency
Following Farquhar et al. (1982) we estimated intrinsic water-use 
efficiency (iWUE) using the equation:
 iWUE = A/g = Ca[1-(Ci/Ca)] 0.625,    (3) where A is the rate of net photosynthesis, g is stomatal conductance to H2O, Ci is intercellular CO2 concentration, Ca is the ambient air CO2 concentration, 
and 0.625 is the relation among the conductance of H2O compared to the conductance of CO2 due to the higher molecular weight of the later (0.625 g
H2O
 = gCO2). To determine Ci, we used the following equation proposed by 
Francey and Farquhar (1982):
 Ci = Ca [(d13Cplant – d13Catm +1)/(b-a)]    (4)where d13Cplant and d13Catm are the plant and atmospheric carbon isotope 
compositions, respectively, a is the diffusion fractionation across the 
boundary layer and the stomata (+ 4.4‰), b is the Rubisco enzymatic 
biologic fractionation (+ 27.0‰), and Ci and Ca are intercellular and ambient CO2 concentrations, respectively. The long-term Ca and atmospheric d13C 
from 1971 to 1994 were obtained from McCarroll and Loader (2004). 
Additional data (2005 and 2007) for Ca and d13C were taken from the Earth 
System Research Laboratory web site (http://www.esrl.noaa.gov/gmd/
about/aboutgmd.html). 
Statistical analyses 
To understand how co-occurring species respond to the observed 
atmospheric and environmental changes, all the analyses were performed 
for each separate species (number of tree-ring δ13C records are n = 80 for Q. 
faginea, n = 155 for P. nigra and n = 75 for J. thurifera). For BAI, the analyses were performed on log-transformed values to normalize the variable. Linear 
mixed-effects models (LMMs) were used following Zuur et al. (2007) to assess 
the influence of: Model 1) tree size (dbh), tree density, drought stress (P/
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PET), atmospheric CO2 (Ca) and their interactions (fixed factors) on growth 
(BAI) and on intrinsic water use efficiency (iWUE); and Model 2) tree size 
(dbh), year type (F-U, climatically favourable or unfavourable), iWUE and 
their interactions (fixed factors) on BAI (see correlations among variables 
in Table S2). The random effects were the individual trees sampled at each 
site. We built a set of models per species and the model with the best subset 
of predictors was selected using the Akaike Information Criterion (AIC; 
Burnham and Anderson, 2002). Models were fitted based on a restricted 
maximum likelihood method and these analyses were performed using the 
nlme package (Pinheiro et al., 2000) in the R software (R Development Core 
Team 2011, version R2.14.1, Vienna, Austria).
4.4.- Results
Changes in climate, BAI and iWUE
Our results indicate a warming trend in the study area for the period 1970-
2007 during the growing season (spring – summer), coupled with reduced 
precipitation in more recent years and, therefore, increased frequency and 
intensity of dry seasons (Figure 1). During the whole study period, P. nigra 
showed the highest growth (mean BAI ± SE = 7.17 ± 0.41 cm2 year-1), while 
Q. faginea presented the lowest BAI values (2.72 ± 0.22 cm2 year-1) and 
J. thurifera displayed intermediate ones (4.20 ± 0.30 cm2 year-1, Table 1, Figure 
2). The percentage of change between the 1970s and the 2000s (considering 
mean values of all years for each decade) for growth of Q. faginea was of 
-6.32 %, but BAI increased (+28.9 %) during favourable years and decreased 
(-27.0 %) during unfavourable ones (Table 1, Figure 2). Instead, P. nigra 
showed a slight increase (+8.10 % from the 1970s until the 2000s, Table 
1) but, as it happened with Q. faginea, growth increased (+80.2 %) during 
favourable years and decreased during unfavourable ones (-48 %). Growth of J. thurifera increased consistently since the 1970s (+57.18 %, Table 1, 
Figure 2) both during favourable and unfavourable years (+50.1 % and 
+72.1 %, respectively). The highest values of iWUE were found for J. thurifera 
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(132.14 ± 1.04 µmol mol-1, mean ± SE), followed by P. nigra (112.4 ± 0.91 µmol mol-1) and Q. faginea (91.07 ± 0.99 µmol mol-1). All species showed strong 
increases in their iWUE from the 1970s to the 2000s (+15.0 %, +21.3 % and 
+18.6 % for J. thurifera, P. nigra and Q. faginea, respectively), without strong 
differences among favourable and unfavourable years (Table 1, Figure 2).
Figure 2. Responses of basal area increment (BAI, top) and intrinsic water use 
efficiency (iWUE, bottom) of the study species (a, d) Q. faginea, (b, e) P. nigra and (c, 
f) J. thurifera to climatically favourable (open boxes) and unfavourable (grey boxes) 
years during the last four decades (1970s-2000s). 
Effects of tree size, drought stress and Ca on BAI and iWUE
Growth (BAI) of all species significantly increased as tree size (dbh) did, 
while tree density had no effect on BAI (Table 2a). For both Q. faginea and P. 
nigra a significant effect of the interaction among drought stress (P/PET) and atmospheric CO2 concentrations (Ca) on growth was found (Table 2a): Q. faginea 
growth was enhanced at higher P/PET values (moister years) coupled with higher Ca, but at high drought stress (P/PET values lower than 0.7) growth was 
very low irrespective of the Ca (Figure 3a); P. nigra growth was maximum at 
the highest P/PET (lowest drought levels) and Ca, and minimal at high drought stress and Ca, showing intermediate growth values at low Ca irrespective of the 
drought stress (Figure 3b). J. thurifera presented significant increases in BAI at increasing Ca without any response to drought stress (Table 2a). As expected, 
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we found significant increases in iWUE at higher Ca for all species (Table 2b). 
While J. thurifera iWUE did not respond to drought stress, the influence of the 
interaction between P/PET and Ca on iWUE was significant for Q. faginea and 
marginally significant (p = 0.066) for P. nigra (Table 2b), being iWUE enhanced at higher Ca and lower P/PET (i.e. higher drought levels, Figure 4).
Table 2. Summary of the LMMs fitted to explain changes in (a) basal area increment 
(log-transformed BAI values) and in (b) water use efficiency (iWUE) of the study species: Q. faginea, P. nigra and J. thurifera. Fixed effects were: dbh, diameter at 
breast height; tree density; P/PET, drought index (lower values corresponding to 
more drought stress); Ca, atmospheric CO2 concentration; and their interaction. 
Only those factors of the best model obtained by minimizing the Akaike Information Criterion are shown. The ΔAIC (AICnull - AICbest) is shown of each model. Random factors were the trees at each site, being the residual variance for the growth models 
(logBAI): σ2 = 0.082, σ2 = 0.140, σ2 = 0.148; and for the iWUE models σ2 = 4.32, σ2 = 
6.00, σ2 = 4.57 for Q. fa ginea, P. nigra and J. thurifera, respectively.
(a) BAI (cm2)Species ΔAIC Fixed effects Coefficients SE DF t-value p-value
Q. faginea 19.96 (Intercept) 2.028 0.777 67 2.609 0.011dbh 0.020 0.007 8 2.922 0.019
P/PET -3.136 0.944 67 -3.322 0.002Ca -0.006 0.002 67 -2.677 0.009
P/PET : Ca 0.010 0.003 67 3.558 0.001
P. nigra 65.51 (Intercept) 7.202 0.955 132 7.539 <0.0001dbh 0.020 0.003 18 6.228 <0.0001
P/PET -9.361 1.176 132 -7.960 <0.0001Ca -0.020 0.003 132 -7.417 <0.0001
P/PET : Ca 0.027 0.003 132 7.983 <0.0001
J. thurifera 18.56 (Intercept) -1.099 0.381 64 -2.882 0.005dbh 0.025 0.007 8 3.866 0.005 Ca 0.004 0.001 64 3.660 0.001
(b) iWUE (µmol mol-1)Species ΔAIC Fixed effects Coefficients SE DF t-value p-value
Q. faginea 80.90 (Intercept) -153.041 40.073 67 -3.819 <0.0001
P/PET 185.369 49.310 67 3.759 <0.0001Ca 0.701 0.112 67 6.247 <0.0001
P/PET : Ca -0.546 0.142 67 -3.846 <0.0001
P. nigra 135.95 (Intercept) -99.665 40.895 132 -2.437 0.016
P/PET 90.828 50.647 132 1.793 0.075Ca 0.606 0.115 132 5.287 <0.0001
P/PET : Ca -0.271 0.146 132 -1.855 0.066
J. thurifera 79.56 (Intercept) -7.192 11.227 64 -0.641 0.5241Ca 0.390 0.031 64 12.496 <0.0001
Note that a significant interaction reflects that the main effects are not constant but conditional for 
specific values of the interacting variable and thus, the understanding of the coefficient sign for main 
effects alone might be misinterpreted (Jaccard and Turrisi, 2003; see Figures 3 and 4 for representation 
of the interacting effects, P/PET*Ca).
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Figure 3. Surface plots showing the predicted effect (see results from LMMs in Table 
2a) of atmospheric CO2 concentrations (Ca, in ppm) and drought index (P/PET) on 
BAI (basal area increment, in cm2) for (a) Q. faginea and (b) P. nigra.
Figure 4. Surface plots showing the predicted effect (see results from LMMs in Table 
2b) of atmospheric CO2 concentrations (Ca, in ppm) and drought index (P/PET) on 
iWUE (intrinsic water use efficiency, in mmol mol-1) for (a) Q. faginea and (b) P. nigra. 
Note that the interaction P/PET * Ca is marginally significant in the case of P. nigra.
CHAPTER 4
134
Relationships among iWUE and BAI during climatically favourable and 
unfavourable years
Linear mixed-effect models highlighted contrasting relationships 
during climatically favourable and unfavourable years among growth (BAI) 
and iWUE of all species (although marginally significant for J. thurifera, 
p = 0.087; Table 3). Models predicted slight increases or growth maintenance 
at increasing iWUE during favourable climatic years (Figure 5a, b, c). Instead, 
during unfavourable years Q. faginea (Figure 5a) and especially P. nigra 
showed growth declines (Figure 5b), while J. thurifera enhanced its growth 
(Figure 5c) at increased iWUE. 
Table 3. Summary of the LMMs fitted to explain changes in basal area increment 
(log BAI). Only those factors of the best model obtained by minimizing the Akaike 
Information Criterion are shown (dbh, diameter at breast height; F-U, favourable 
and unfavourable years; iWUE, water use efficiency). The ΔAIC (AICnull - AICbest) is shown of each model. Random factors were the trees at each site, being the 
residual variance: σ2 = 0.082, σ2 = 0.159, σ2 = 0.124 for Q. faginea, P. nigra and 
J. thurifera, respectively. 
Species ΔAIC Fixed effects Coefficients SE DF t-value p-value
Q. faginea 20.45 (Intercept) -0.131 0.2 67 -0.655 0.515 dbh 0.019 0.007 8 2.826 0.022 F-U 0.566 0.196 67 2.888 0.005 iWUE 0.004 0.002 67 2.22 0.03 F-U x iWUE -0.007 0.002 67 -3.243 0.002
P. nigra 30.61 (Intercept) -0.032 0.223 132 -0.145 0.885 dbh 0.02 0.003 18 5.927 <0.0001 F-U 0.749 0.261 132 2.867 0.005 iWUE 0.003 0.002 132 1.911 0.058 F-U x iWUE -0.007 0.002 132 -3.133 0.002
J. thurifera 36.28 (Intercept) 0.13 0.336 62 0.389 0.699 dbh 0.024 0.008 8 3.109 0.015 F-U -0.929 0.432 62 -2.152 0.035 iWUE 0.001 0.002 62 0.658 0.513 F-U x iWUE 0.006 0.003 62 1.739 0.087
Note that a significant interaction reflects that the main effects are not constant but conditional for 
specific values of the interacting variable and thus, the understanding of the coefficient sign for main 
effects alone might be misinterpreted (Jaccard and Turrisi, 2003; see Figure 5 for representation of the 
interacting effects, F-U*iWUE).
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4.5.- Discussion
Contrasting growth and iWUE responses were found over time among the three species coexisting in Mediterranean forests of the Central Iberian 
Peninsula. During climatically favourable years all species increased BAI 
from the 1970s to the 2000s (+28 %, +80 % and +50 % for Q. faginea, 
P. nigra and J. thurifera, respectively) while Q. faginea and P. nigra showed 
sharp growth constrains during unfavourable ones (-27 % and -48 %, 
respectively), exhibiting J. thurifera an increase of 72%. These contrasting 
growth responses suggest that the physiological mechanisms involved in facing atmospheric and climatic changes are indeed different among species. Moreover, stable carbon isotopes indicated that the Mediterranean tree 
species studied have been increasing their water use efficiency (iWUE) since the 1970s, with J. thurifera the species having the highest mean estimates 
over the study period, followed by P. nigra and Q. faginea. The high iWUE values for J. thurifera could be attributed to a greater overall assimilation 
capacity of this species, to a better stomatal control of water losses than 
the other two species or to a combination of both factors. Although iWUE was higher for J. thurifera, the magnitude of the increase over time was 
slightly lower (+15% from the 1970s until the 2000s) compared with the 
other two species (ca. +19%, +21% for Q. faginea and P. nigra, respectively). 
Since aridity has increased over time in the study area, our results suggest that J. thurifera is a more drought tolerant species compared to Q. faginea and P. nigra, which are more drought sensitive showing larger growth 
reductions and iWUE increases under enhanced drought. Similarly, Ferrio 
et al. (2003) found that P. halepensis was more sensitive than Q. ilex to water 
stress exhibiting faster increases in iWUE. Moreover, Liu et al. (2007) also 
reported species-specific responses in the long term trends at semi-arid and arid sites to increased CO2. In fact, we also need to account for the responses to atmospheric CO2 increases in our study, as they may greatly vary among 
species (see next paragraphs).
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Figure 5. Relationship between water use efficiency (iWUE) and growth (BAI) 
during climatically favourable (gray dots and lines) and unfavourable (black dots 
and lines) years predicted according to the LMMs (reported in Table 3) for (a) Q. 
faginea, (b) P. nigra and (c) J. thurifera. 
Our results agree with most studies showing enhanced iWUE during 
the last decades as a consequence of a physiological effect of increased Ca 
(Feng, 1999; Peñuelas et al., 2008; Silva et al., 2010; Maseyk et al., 2011; 
Peñuelas et al., 2011a; Linares and Camarero, 2012; Wang and Feng, 2012). 
However, these studies usually indicate that even though the increase in Ca 
account for a high variation of the iWUE, additional environmental factors 
might be modulating the observed responses (Peñuelas et al., 2011a). These 
environmental factors commonly include altitude (Peñuelas et al., 2008; 
Wang and Feng, 2012), temperature (Wang and Feng, 2012), precipitation 
(Maseyk et al., 2011) and/or drought (Linares and Camarero, 2012). In this regard, our results demonstrate that the three coexisting species are 
distinctively responding to both Ca and environmental factors. While iWUE and BAI of J. thurifera were uniquely sensitive to the increase in atmospheric CO2 concentrations, Q. faginea and P. nigra also responded to drought stress, showing the highest growth values at higher Ca and lower drought, and higher 
iWUE at elevated Ca coupled with higher drought. This result denotes that 
stomatal closure is plausibly being exacerbated by drought stress (Ferrio et 
al., 2003; Andreu-Hayles et al., 2011) in these two species to minimize water loss. Further, growth was enhanced at increasing tree size for all species, 
while iWUE did not show any response to tree size, probably as ring-width 
might be more affected by local factors, and carbon stable isotopes may 
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contain a wider spatial climatic signal (Andreu et al., 2008). However, age 
and tree size differences have been also shown to affect δ13C for some species 
(e.g. Nock et al., 2011). 
Specifically, we found that the study species increased (Q. faginea) or 
maintained (P. nigra and J. thurifera) their BAI values at rising iWUE levels 
during climatically favourable years. These findings are consistent with an expected growth increase under elevated Ca in the absence of climatic stress, 
since photosynthesis is stimulated, thus leading to an enhanced CO2 uptake 
(Beedlow et al., 2004; Norby et al., 2005). Remarkably, during climatically 
unfavourable years, Q. faginea and especially P. nigra exhibited growth 
declines as iWUE rose. These negative trends in growth are likely caused by 
a reduced stomatal conductance driven by highly stressful conditions. When 
stomata close, carbon gain may be reduced in spite of increasing Ca, dropping the internal concentration of CO2 and reducing the discrimination against 13C 
during carbon fixation (Farquhar et al., 1989). Many studies show similar 
patterns (Peñuelas et al., 2011a): while photosynthetic rates are expected to increase in response to rising Ca, potentially leading to higher productivity, no 
overall increases on tree growth are usually observed. Possible explanations of such an uncoupling between Ca and growth involve higher drought 
stress caused by climate change, as shown by our results. But there may be 
additional factors at play. These include nutrient limitation, acclimation to elevated CO2 and reallocation of carbohydrates to other tissues with higher 
priority as carbon sinks than the xylem (Beedlow et al., 2004; Peñuelas et al., 
2011a). However, our results support the climatic stress hypothesis based on 
the negative influence of drought on growth of P. nigra and Q. faginea and a 
positive effect of drought on iWUE coupled with increased atmospheric CO2. In contrast, J. thurifera showed enhanced BAI during unfavourable 
years as iWUE increased. This positive relationship among iWUE and 
growth under climatically harsh conditions might be attributed to a higher 
drought tolerance for this species. Certainly, J. thurifera may benefit from a CO2 fertilization effect if it maintains or increases its assimilation capacity, 
tightly regulating water loss through stomata under unfavourable climatic 
conditions (Gimeno et al., 2012a). It is also possible that this species is able 
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to adjust its physiological performance at gradually increasing CO2, but 
further research is necessary to support this conclusion. Increased growth 
at higher iWUE under stressful conditions is rarely shown in the literature 
because under these circumstances, increases in iWUE are usually attributed 
to stomatal closure. Gedalof and Berg (2010) analyzed a global tree-ring 
record to find out if increasing trends in radial growth could be attributed to a CO2 fertilization effect or to other causes (nitrogen deposition, elevation or 
latitude), finding that 20% of the sites showed trends that concurred with a 
stimulation of photosynthesis rates due to rising CO2.
Collectively, all these results indicate that forest species will show contrasting responses in a climate change scenario depending on their 
particular physiological strategies to cope with increases in drought. In accordance to the results here presented, the overall growth of Q. faginea and P. nigra will be compromised in response to drought stress if the 
frequency of climatically unfavourable years keeps increasing, as it has 
been already shown by other authors (Corcuera et al., 2004a; Linares and 
Tíscar, 2010). However, these results should be interpreted with caution 
because a reduced growth, despite being a reliable proxy for carbon 
uptake (McCarroll and Loader, 2004), might not imply higher vulnerability. 
Instead, carbon may be allocated to root growth or canopy development 
(Brueggemann et al., 2011) and the species might acclimate to the new 
environmental conditions if changes in climate are not extremely abrupt 
(Lloret et al., 2012).
Along with the effects of increasing atmospheric CO2 on net productivity, 
Mediterranean forests are likely to be strongly influenced by inter-species 
variability in response to both long term trends in precipitation and 
temperature and inter- and intra-annual climatic variation (e.g. increased 
frequency and/or intensity of extreme events during particular seasons). 
Our study indicates that the combined analysis of iWUE (inferred from stable 
carbon isotope ratios), growth trends (derived from tree-ring records of BAI), atmospheric CO2 concentration and drought impact over time is a powerful 
approach to disentangle species-specific responses to long term environmental changes. Nevertheless, this work should be completed with further studies 
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to analyze the differences in growth and iWUE trends among earlywood and 
latewood, as the factors acting at seasonal scales may vary from those acting at 
longer timescales (Maseyk et al., 2011; Sarris et al., 2013; Voltas et al., 2013). 
Moreover, it is interesting to note that the responses of two phylogenetically distant species such as Q. faginea and P. nigra, corresponding to different 
functional types (a deciduous broadleaved and a conifer evergreen species) were more similar between them than the responses of the two conifer 
species. As a result, xylem anatomy and/or canopy structure did not seem to 
be determinant for the observed responses. Instead, other physiological traits seems to be involved in such responses, and further studies comparing several 
species coexisting in a community subjected to similar stresses will enable to 
test species-specific physiological responses. 
4.6.- Conclusions
Collectively, our results suggest that more frequent events of climatic 
stress (e.g. droughts), despite being coupled with CO2 increases, will have an overall negative impact on the performance of species like Q. faginea and 
P. nigra, which are already experiencing drought-induced growth declines due to, at least to some extent, a strong reduction of stomatal conductance to 
prevent water losses. However, other species like J. thurifera may benefit from the CO2 fertilization effect due to their capacity to increase its assimilation 
and productivity in spite of intensifying aridity. Moreover, species-specific responses should be taken into account when predicting future forest 
function and dynamics under changing climatic conditions. Our results suggest that forest composition might be altered due to both differential 
physiological responses to climatic changes and contrasting capacities to withstand stressful conditions among coexisting tree species.
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4.8.- Supplementary material 
Table S1. Location of the study sites and their main characteristics (means ± SE).
Site Latitude (N); Longitude (W) Elevation Aspect Tree dbh
 b Age c Density   (m a.s.l.)  species a (cm) (years) (stems ha-1)AR 40° 46’ 39.88”; 2° 
19’ 36.30” 
1060 NW PN; QF 24.80 ± 0.53; 17.22 ± 0.29 62 ± 8; 46 ± 2 2400
HP
40° 47’ 37.78”; 2° 
17’ 08.93” 
848 NE QF 20.36 ± 0.70 47 ± 1 900
QU
40° 47’ 26.09”; 2° 
17’ 56.79” 
884 N-NW PN 33.08 ± 1.22 44 ± 2 2100RS 40° 51’ 09.43”; 2° 
18’ 01.28” 
953 SE JT 20.18 ± 0.32 44 ± 3 1400TA 40° 49’ 00.72”; 2° 
12’ 35.90” 
1233 NE PN; JT 27.95 ± 0.49; 17 ± 0.70 42 ± 3; 43 ± 3 2000TI 40° 48’ 16.22”; 2° 
13’ 58.28” 
981 S PN 28.78 ± 0.96 48 ± 1 2500
a Abbreviations of the species: QF, Quercus faginea; PN, Pinus nigra; JT, Juniperus thurifera.b dbh: diameter at breast height (1.3 m).c Age estimated at 1.3 m. 
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Table S2. Mean and standard deviations of variables used in the linear models, 
and correlation coefficients among these variables and with the year factor. P/
PET, drought index; Ca, atmospheric CO2 concentration; iWUE, intrinsic water use 
efficiency; and BAI, basal area increment.
Mean SD Correlations
Year P/PET Ca iWUE
Q. faginea
P/PET 0.73 0.20 -0.755Ca (ppm) 355.12 18.38 0.996 -0.626
iWUE (mmol mol-1) 90.92 8.89 0.658 -0.515 0.668
BAI (cm2) 2.72 1.30 0.003 0.154 0.009 -0.068
P. nigra
P/PET 0.73 0.19 -0.756Ca (ppm) 354.66 17.67 0.996 -0.624
iWUE (mmol mol-1) 112.4 11.40 0.656 -0.495 0.663
BAI (cm2) 7.17 4.22 0.048 0.009 0.036 -0.167
J. thurifera
P/PET 0.71 0.17 -0.686Ca (ppm) 357.04 17.35 0.996 -0.532
iWUE (mmol mol-1) 132.14 9.00 0.762 -0.563 0.759
BAI (cm2) 4.20 2.32 0.262 -0.013 0.258 -0.025
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5.1.- Summary
Premise of the study: Summer drought is highly limiting for temperate 
plants, especially in Mediterranean-type climates, as is winter cold, but the 
overall relative impact of seasonal extremes on plant ecophysiology has not been investigated in detail. 
Methods: We followed a two-pronged approach to determine the relative 
impacts of summer and winter on woody plant ecophysiology. We conducted 
a meta-analysis for three functional types (winter deciduous angiosperms, 
evergreen angiosperms and conifers) distributed across temperate forests 
with and without summer droughts, and conducted a case study for Mediterranean continental species coexisting in central Spain. As indicators 
of physiological function, we focused on stomatal conductance (gs), percent 
loss of stem xylem hydraulic conductivity (PLC) and photochemical efficiency 
(Fv/Fm).
Results: Our meta-analysis showed that gs was higher during summer than winter in forests that do not experience summer drought, but lower in the summer than the winter in forests that experience summer drought, 
and many species maintain open stomata during winter. Further, PLC and photoinhibition tended to increase from summer to winter for most 
functional types. Our Mediterranean case study was partially consistent with these patterns, but we found strong stomatal closure during winter alongside the increase of PLC, supporting partial control of gs by the hydraulic system.
Conclusions: The impacts of summer drought on plant performance have received extensive attention in studies of Mediterranean vegetation. 
However, winter can have equal or even stronger effects on physiology as 
summer, with potentially strong consequences for whole plant carbon gain 
over the year.
Keywords: cavitation, climatic stress, drought, percent loss of hydraulic 
conductivity, photoinhibition, stomatal conductance, summer-winter transition. 
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5.2.- Introduction
The direct relationship between climate, plant water transport and gas 
exchange is well documented (Pittermann, 2010). By regulating stomatal 
conductance (gs), plants control water loss to maintain leaf water potentials 
high enough for photosynthesis, and maintain xylem tensions low enough 
to avoid catastrophic embolism (Tyree and Sperry, 1988). Thus, any factor affecting stomatal control will impact plant water status and its 
vulnerability to climatic stresses. The gs responds to changes in atmospheric CO2, irradiance, drought, extreme temperatures and air humidity (Farquhar 
and Sharkey, 1982). Stomata are responsive to the water status of specific 
epidermal, mesophyll cells and/or the bulk leaf tissue, but also respond 
to light through receptors and signals from the mesophyll cells and to 
hormones originating in the roots (Farquhar and Sharkey, 1982; Buckley, 
2005). Additionally, some studies have shown xylem cavitation to induce 
stomatal closure, either directly, or via a change in leaf water status (Salleo 
et al., 2000; Martínez-Vilalta et al., 2002; Lo Gullo et al., 2003). Thus, it is 
likely that both chemical and hydraulic signals interact to control stomatal 
behavior (Comstock, 2002), which could have different importance 
throughout seasonal climatic stress, but further research is needed to fully understand the mechanisms.
Indeed, it is well known that temperate species (including the 
Mediterranean ones) show pronounced dynamics in gas exchange and 
hydraulic function throughout the year (Lo Gullo et al., 2005). For woody species, the growth period tends to span from late spring to summer, with a 
dormant period in late fall to early spring, although Mediterranean-climate 
areas experience dry summers in which plants may show additional dormancy 
(Cherubini et al., 2003). Few comparisons have been made of the contrasting 
general ecophysiological patterns between summer and winter and how these 
might differ among plant functional types and forests, though this would be of great value for understanding and modeling annual gas exchange trajectories and as a baseline for anticipating shifts with climate change. Moreover, some 
studies have shown that plants can have the ability to maintain high winter 
photosynthesis (García-Plazaola et al., 1999; Gimeno et al., 2009), which could 
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be highly advantageous to improve the plant annual carbon balance if spring 
and summer droughts become more intense and frequent. 
We took two complementary approaches to compare physiological responses for temperate species which suffer distinct seasonal extremes 
during summer and winter. First, we conducted a detailed meta-analysis of 
several key plant functional variables - stomatal conductance (gs), percent 
loss of hydraulic conductivity (PLC) and/or photoinhibition, indicated by low 
photochemical efficiency of photosystem II (Fv/Fm) - in summer versus winter 
for three functional types of woody species (winter deciduous angiosperms, 
evergreen angiosperms and conifers) from sites with and without summer 
droughts across the temperate zone. Second, because the meta-analysis approach can be misleading due to pooling data for average patterns across 
species growing under disparate conditions and measured with varying 
techniques, we tested whether the findings of the global meta-analysis were 
supported in a case study of Mediterranean species in a drought-prone site in continental central Spain. Both sets of data allowed additional testing of 
the hypothesis that stomatal dynamics reflects the status of the hydraulic 
system (Sperry, 2000). Several empirical and theoretical studies have shown 
that stomatal closure tends to reflect loss of hydraulic function (Sperry, 2000; 
Meinzer et al., 2008; Johnson et al., 2011), both diurnally during the growing 
season and seasonally during ongoing water stress, though this has not been investigated to our knowledge across diverse species and communities. 
We focused on the stomatal and hydraulic systems based on hypotheses 
for their correlated responses. Hydraulic stress and freeze-thaw cycles can 
result in embolism of xylem conduits that impedes the transport of sap from 
the roots to the leaves (Pittermann, 2010), and reduces the capacity of stomata 
to remain open (Tognetti et al., 1998; Nardini et al., 2000; Peguero-Pina et al., 
2011). Typical shifts in gs and xylem transport from summer to winter would depend on whether the site experiences a strong summer drought. In the absence of summer drought, we expect plants to have lower gs during winter 
than during summer, as found in studies of a number of species (Morecroft 
and Roberts, 1999; Ellsworth, 2000; Miyazawa and Kikuzawa, 2005), 
coinciding with a higher degree of embolism due to freeze-thaw cycles and 
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lower degree of refilling of daily embolisms in winter (Sperry and Sullivan, 
1992; McCulloh et al., 2011). In addition, plants can suffer photoinhibition 
during winter due to their inability to utilize or dissipate light energy at low 
temperatures (Martínez-Ferri et al., 2004; Demming-Adams et al., 2008). 
In contrast, in systems that experience summer drought, stomatal closure, 
xylem embolism and loss of leaf photosynthetic function in summer might 
be equal or even exceed that of winter (Tognetti et al., 1998; Gulías et al., 
2009; Mahall et al., 2009; Prieto et al., 2009). Instead, we hypothesized that 
in our community, subjected to both strong summer drought and to winter 
freezing, stomata would close strongly from summer to winter, that stem 
xylem embolism would accumulate, and that photoinhibition would be more 
severe (Nardini et al., 2000; Baquedano and Castillo, 2007). However, different 
functional types might differ in their water strategies (Sperry, 2000). Indeed, 
species with wider conduit diameters (deciduous angiosperms) are likely to 
show greater vulnerability to cavitation than conifers (Tyree and Cochard, 
1996; Cavender-Bares and Holbrook, 2001). These general hypotheses that provide a baseline framework for understanding the impacts of seasonal extremes have not been tested to our knowledge for different functional 
types across the temperate zone.
5.3.- Materials and methods
Meta-analysis of summer versus winter function
We compiled data for stomatal conductance (gs; mol·m–2·s–1), percent loss 
of hydraulic conductance (PLC) and photochemical efficiency of photosystem 
II (Fv/Fm) from the published literature which included in the same paper 
values for summer and winter (see Table S1). These data are notably few 
in the literature, and extremely valuable, given the logistical challenges 
associated with collection of physiological data in extreme seasons. We 
searched for data exhaustively, and were able to compile data for at least 
four species (and up to 37 species) per functional type (winter deciduous 
angiosperms; evergreen angiosperms and conifers) in sites with and without 
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summer drought for each variable (Figure 1). We only included data from papers that reported on measurements under natural conditions for a given 
species population for summer and winter months. If any treatment had 
been applied, only the values for untreated control plants were used. Data 
in given studies for a species during the same season in different years were 
averaged. When data were available for different hours during the day for 
gs, only the data obtained from 10:00-12:00 were included to be consistent. 
Our database included a total of 210 points for species in given locations (92 for gs, 46 for PLC and 72 for Fv/Fm) from 75 different studies of temperate 
sites around the world (see Table S1). Sites with summer droughts were 
mostly Mediterranean-climate-type sites, half of which experienced winter 
frosts due to a continental influence. Sites without summer droughts were 
temperate forests with frequent and intense frosts (see Table S1). Climate 
data were also compiled for each site using the values provided by the authors when available, and completing missing data with those recorded in 
the closest meteorological station. With the climate data (mean temperature 
and relative humidity for summer and winter months) we calculated the 
vapour pressure deficit (VPD) at each site and season. 
Study site and species
The study area was located in Alto Tajo Natural Park, central Spain 
(Guadalajara, Castilla-La Mancha). The climate is continental Mediterranean 
with very hot and dry summers and very cold winters with frequent 
frosts (Figure 2). Mean annual precipitation is 499 mm and mean annual 
temperature is 10.2 °C, with July being the warmest month (19.3 °C) and 
February the coldest (2.1 °C) according to climatic data of the closest 
meteorological station (Molina de Aragón: 40° 50’ 40’’ N, 1° 53’ 07’’, 1063 
m a.s.l., 1951-2007 period, data provided by the Spanish Agencia Estatal 
de Meteorología). The soils are poorly developed and formed mainly from 
Cretaceous and Jurassic limestone. 
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Figure 1. Results of a meta-analysis of shifts in leaf and stem physiology between 
summer and winter for woody species across the temperate zone, including mean 
values (± SE) for (A, B) stomatal conductance (gs, mmol m-2 s-1), (C, D) percent loss of 
hydraulic conductivity (PLC) and (E, F) photochemical efficiency of photosystem II (Fv/
Fm) during summer (black bars) and winter (grey bars) for deciduous angiosperms, 
evergreen angiosperms and conifers at sites without summer drought (A, C, E) and 
with summer drought (B, D, F). Asterisks (*) indicate significant differences (P < 0.05) 
between summer and winter within each functional type. The number of species 
used for each functional type (n) is indicated at the base of each bar.
We selected four representative coexisting tree species of continental 
Mediterranean ecosystems: the winter deciduous oak Quercus faginea Lam., 
which has ring-porous wood; the evergreen oak Quercus ilex subsp. ballota 
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(Desf) Samp., which has diffuse- to semi-ring porous wood; and the conifers 
Juniperus thurifera L. and Pinus nigra J.F. Arnold subsp. salzmannii (Dunal) 
Franco. Within the study area from 3 to 12 adult trees per species were 
selected and measurements were made for 3-7 leaves (for gs and Fv/Fm) or 
branches (PLC) per tree. Fully expanded and healthy looking branches and leaves were selected from the upper exposed part of the southern side of the crown. Mean diameter ± SE at breast height (dbh) of the trees in the study area was 17.8 ± 0.8 cm for Q. faginea, 15.1 ± 0.6 cm for Q. ilex, 17.9 ± 1.2 cm for J. thurifera and 28.7 ± 1.2 cm for P. nigra, corresponding to a mean age of 
47 ± 1, 58 ± 3, 42 ± 2 and 49 ± 2 years, respectively.
Climatic variables
Local climatic data during the study period was obtained from a 
meteorological station (HOBO ® Weather Station H21-001; Onset Computer 
Corporation; Bourne, Massachusetts, USA) installed in the study area 
which recorded data every 30 minutes. Variables included precipitation, 
air temperature (°C), soil water content (m³/m³), photosynthetically active 
radiation (PAR, μmol·m-2·s-1) and vapor pressure deficit (VPD, kPa). Longer-
term averages for climatic variables were provided by the Spanish Agencia 
Estatal de Meteorología (AEMET) from a meteorological station located at 
35 km from the sampling site (Molina de Aragón: 40° 50’ 40’’ N, 1° 53’ 07’’W, 
1063 m a.s.l., 1951-2007 period, Figure 2).
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Table 1. Results from the analyses of covariance (ANCOVA) for stomatal conductance 
(gs), percent loss of hydraulic conductivity (PLC) and photochemical efficiency of 
photosystem II (Fv/Fm) at sites without summer drought and with summer drought. 
Explanatory variables include the vapour pressue deficit (VPD), season (summer and 
winter), functional type of temperate woody species (Type: deciduous angiosperm, 
evergreen angiosperm and conifer) and the interaction among the last two. The adjusted R2 value and significance of the model (p-value) is indicated for each model.
gs  Df Sum Sq Mean Sq F value p value
Without summer drought VPD 1 0.17 0.17 0.02 0.88R2 = 0.74; p-value < 0.001 Season 1 1083.45 1083.45 136.87 < 0.001
Type 2 27.86 13.93 1.76 0.1802 Season:Type 2 549.42 274.71 34.70 < 0.001
With summer drought VPD 1 11.91 11.91 1.03 0.31R2 = 0.41; p-value < 0.001 Season 1 4.26 4.26 0.37 0.54
Type 2 550.42 275.21 23.74 < 0.001 Season:Type 2 387.41 193.71 16.71 < 0.001
PLC       
Without summer drought VPD 1 2.77 2.77 0.92 0.34R2 = 0.49; p-value = 0.009 Season 1 90.39 90.39 30.08 < 0.001
Type 2 108.65 54.32 18.08 < 0.001 Season:Type 2 3.45 1.72 0.57 0.56
With summer drought VPD 1 148.70 148.67 0.43 0.51R2 = 0.42; p-value < 0.001 Season 1 2769.00 2768.99 8.07 0.01
Type 2 4339.60 2169.80 6.32 0.007 Season:Type 2 923.50 461.74 1.35 0.28
Fv/Fm       
Without summer drought VPD 1 0.05 0.05 2.59 0.1R2 = 0.85; p-value < 0.001 Season 1 6.87 6.87 358.53 < 0.001
Type 2 1.18 0.59 30.73 < 0.001 Season:Type 2 0.80 0.40 21.00 < 0.001
With summer drought VPD 1 0.002 0.002 0.14 0.7R2 = 0.77; p-value < 0.001 Season 1 0.73 0.73 48.55 < 0.001
Type 2 1.06 0.53 35.36 < 0.001 Season:Type 2 1.41 0.71 46.96 < 0.001
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Stomatal conductance
Leaf stomatal conductance to water vapour (gs; mmol·m–2·s–1) was 
measured on fully expanded leaves in summer (July) of 2009 and in winter 
(February) of 2010. Measurements were conducted using a steady-state 
diffusion Leaf Porometer SC-1 (Decagon Devices, Inc.; Pullman, Washington, 
USA) between 10:00-12:00 under ambient conditions.
Percent loss of hydraulic conductivity
For measurements of hydraulic conductivity (Sperry and Tyree, 1988; 
Melcher et al., 2012), current year shoots were collected at midday from the most exposed part of the crown. For conifers, stem segments 10-15 cm in length were cut under water, wrapped in moist paper towels, placed in 
sealable plastic bags which had been previously exhaled in, within a dark 
plastic bag filled with wet paper towels and brought to the laboratory. For the two oak species, given their longer vessels, shoots were cut off the trees 
under water to prevent cavitation and placed in small water bottles filled to 
the top and transported horizontally to laboratory. Hydraulic conductance 
was determined using the XYL’EM apparatus (Intrutec Company, H. Cochard 
and T. Ameglio, INRA-PIAF Laboratory, Clermont-Ferrand, France), based on 
a high-resolution liquid mass flowmeter (Liquiflow; Bronkhorst; Montigny 
les Cormeilles, France). Stem segments of 2-3 cm in length for conifers and 4.5-5.5 cm in length for oaks, all with diameters < 5 mm were recut under pure water, and bark and phloem were removed at the ends. Such small 
stem segments were chosen to minimize flushing time as recommended in 
the manufacturer’s manual to avoid any possible plugging that could occur 
during the flushing. Additionally, in the case of Quercus, we wanted to ensure 
the stem segments used were from the current year growth since old growth 
segments which could contain non-functional air filled xylem conduits. 
Samples were freshly cut with a scalpel at both ends and connected to the 
system by silicone tubing sealed with cable ties to prevent leakage. The stem segments were placed under water with the bath temperatures recorded 
using the XYL’EM software which corrected for the effect of temperature 
on the viscosity of water by standardizing hydraulic conductance to 20oC. 
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Degassed 10 mmol KCl in ultrapure water (Milli-Q Water System, Millipore 
SA; Molsheim, France) was used as the flow solution. Initial stem xylem 
hydraulic conductance was obtained as the ratio of the flow rate through the 
samples once it had stabilized, typically after 5-10 min, at the known flow 
solution delivery pressure of 0.02 MPa, chosen to avoid flushing naturally 
formed embolisms from the stem segments. Stems were then flushed at an 
applied pressure of 0.1 MPa for 2 min, which preliminary tests showed was 
sufficient to flush out all embolisms; longer flushes or higher pressures did 
not increase the flow rate further. Stems were measured again under low 
pressure (0.02 MPa) until a stable state flow rate was achieved to determine 
the maximum stem xylem hydraulic conductance. The percent loss of 
conductivity (PLC) was calculated as the ratio of initial/ maximum hydraulic 
conductance (in %). All tubing, containers and manifolds used were bleached 
every week with a 10% bleach solution. 
Photochemical efficiency of photosystem II (Fv/Fm)
Photochemical efficiency of photosystem II (maximum PSII quantum 
yield; Fv/Fm) was measured with a FMS-2 fluorometer (Hansatech, UK), 
during summer (July) of 2009 and winter (February) of 2010. Chlorophyll 
fluorescence was evaluated under ambient CO2 concentration in dark-
adapted leaves (30 min). Fv/Fm is the ratio of variable (Fv) to maximum (Fm) 
fluorescence: Fv/Fm = (Fm – F0)/Fm, where F0 is the minimum fluorescence. 
Fv/Fm is an index of plant physiological status that reflects photoinhibitory 
damage in response to extreme temperatures, excess light and/or water 
stress (Valladares and Pearcy, 1997; Maxwell and Johnson, 2000). Thus, low values of Fv/Fm indicate reduction in photosynthetic capacity (Farquhar and 
Sharkey, 1982).
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Figure 2. (A) Climatic diagram of the meteorological station closest to the study 
site at Molina de Aragón, Spain (40° 50’ 40’’ N, 1° 53’ 07’’ W, 1063 m a.s.l.). Bars 
and lines represent mean monthly rainfall and temperature, respectively, during the period 1951-2007. Filled and dashed portions of the horizontal lower bar indicate 
the periods with certain and possible frost, respectively. (B) Meteorological data 
for 2009 and winter 2010 from the installed meteorological station at the study 
site. Daily maximum and minimum temperatures (continuous line and dotted line, 
respectively) and daily precipitation (grey bars) are shown. 
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Statistical analyses
For the meta-analysis, we tested differences in gs, percent loss of hydraulic 
conductivity (PLC) and photoinhibition (Fv/Fm) constructing different models for sites with and without summer drought, and determined the 
effect of vapour pressure deficit (VPD), significant differences among 
functional types and seasons using an analysis of the covariance (ANCOVA). 
Additionally, one-way ANOVAs were used to test differences between 
summer and winter within each category. The measurements taken at our 
study site were analyzed in the same way for the differences in gs, PLC and 
Fv/Fm between species and summer vs. winter. Prior to analyses, replicate 
measurements were averaged for each individual. Normality was tested with 
a Shapiro test and non-normal variables were transformed (Zar, 1999). If after 
transformation normality had not been achieved, non-parametric statistics 
(Kruskal-Wallis test) were used (Zar, 1999). Analyses were implemented 
using the R language (R Development Core Team 2011, Vienna, Austria).
5.4.- Results
We found a general pattern of summer-winter variation across temperate 
woody species in the meta-analysis that supported the hypotheses for 
expected differences between systems with and without strong summer 
drought. Thus, stomatal conductance (gs) was higher during summer than winter at sites without summer drought, and the opposite pattern was found 
for sites with summer drought. Loss of hydraulic conductivity (PLC) and 
photoinhibition (indicated by low values of Fv/Fm) increased from summer 
to winter for most of the functional types and locations. This general pattern 
was confirmed in several aspects in our case study of coexisting species 
in a Mediterranean system. However, we also found important differences 
in the case study, which highlighted strong species-level variation in 
ecophysiological dynamics within a given community between seasons.
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General framework for summer-winter variation in ecophysiology: findings 
from meta-analysis
In general, the magnitude of gs for woody species in winter versus summer 
strongly depended on whether a summer drought was experienced (Figure 1) 
but VPD was not observed to significantly influence the responses (Tables 1, 
S2). In systems without a summer drought, trees and shrubs had substantially lower gs during the winter than in summer, whereas in systems with summer drought, gs was similar or higher during the winter (Table 1, Figure 1a, b), with the exception of winter deciduous trees which lacked leaves. PLC was 
higher in winter than in summer in both systems with and without summer 
drought, (Table 1, Figure 1c, d), with exception of the evergreen angiosperms 
which seasonal differences were not significant at sites with summer drought. 
Further, all functional types at sites without summer drought showed 
significant reductions of Fv/Fm during winter compared to summer (Table 1, 
Figure 1e), whereas in sites with summer drought, evergreen species showed 
similar photoinhibition in summer and winter (Figure 1f). 
There were contrasting responses to the summer-winter transition 
between plant functional types, except for gs in sites without summer 
drought (Table 1). In particular, deciduous angiosperms showed the highest 
gs values during summer at sites without droughts, and had distinctively high 
PLC values corresponding to their leafless winter season. Within evergreens 
similar patterns were found (Figure 1), but in general conifers showed the 
lowest PLC values (significantly lower than deciduous angiosperms).
Case study of coexisting species of three functional types: climatic variation in 
summer vs. winter
The study ecosystem experienced strong seasonal and daily temperature 
oscillations (Figures 2, 3). The summer of 2009 had similar mean temperature 
to summer means for the 1951-2007 period, but was particularly dry, with 
only 33 mm of precipitation in the three summer months. The winter of 
2010 was wet and had extremely low temperatures, reaching a minimum 
mean daily temperature of -14 °C.
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Figure 3. Diurnal changes in (A) air temperature, (B) soil water content, (C) PAR 
and (D) VPD during a typical day during summer (closed symbols) and winter (open 
symbols) in Alto Tajo Natural Park (central Spain).
We investigated the diurnal changes in climate during typical summer 
and winter days in 2009 and 2010, respectively (Figure 3) to ensure that gas exchange measurements were taken at a representative intermediate 
irradiance (i.e., photosynthetically active radiation, PAR), temperature 
and vapor pressure deficit (VPD). We found that temperatures reached a 
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maximum (35 °C) at 13:00-14:00 which corresponded to highest values of 
PAR (1826 μmol·m-2·s-1) and of VPD (~2.5 kPa). During winter (Figure 3) 
daily air temperatures varied between 2 and 8 °C, and VPD and PAR were 
very low (from 0 to 0.28 kPa and < 1000 μmol·m-2·s-1, respectively), with 
more daily oscillations in PAR due to cloudiness. Soil water content was 
almost constant during the day but varied strongly from summer to winter 
(0.07 versus 0.14-0.16 m3/m3, respectively).
Case study of coexisting species of three functional types: summer-winter 
differences in physiological traits
We found strong shifts between summer and winter in physiology, and 
contrasting patterns among study species. For gs, values differed among 
species (F = 3.21, P = 0.03; ANCOVA), between seasons (from summer to 
winter, F = 106.58, P < 0.0001) and the interaction between season and 
species was also significant (F = 3.42; P = 0.02). Higher values of vapour 
pressure deficit (VPD) significantly decreased gs (F = 68.44; P < 0.0001). Both Quercus species had high gs during summer, whereas the conifers 
showed very low values during both summer and winter (below 50 mmol·m-2·s-1). The evergreen Quercus declined significantly in gs during the winter, reaching similar levels as conifers. 
The responses of PLC (percent loss of hydraulic conductivity) also varied 
strongly among species. The evergreen and deciduous angiosperms and 
conifers differed greatly in their vulnerability to cavitation (χ2 = 38.62, 
P < 0.0001; Kruskal-Wallis test). The deciduous Quercus faginea underwent 
high xylem cavitation, reaching PLC values of 80% during summer followed 
by further increases up to 90% during winter. The PLC for the evergreen 
Q. ilex was ≈ 55% during summer, and decreased during winter around a 
10%, implying xylem refilling. In contrast, conifers showed high resistance 
to stem cavitation, with PLC values ≈ 0% during summer that increased by 3 
and 9% during winter for J. thurifera and P. nigra, respectively.
During summer, Fv/Fm values for all species ranged 0.83-0.86 indicating 
normal leaf functioning (Schreiber et al., 1994). However, these values 
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significantly declined in all study species during winter (to 0.54 for the evergreen Quercus and to ≈ 0.65 for conifers), indicating loss of photosynthetic 
function during winter (χ2 = 20.8, P < 0.0001; Kruskal-Wallis test), and no 
significant differences among species in this response. 
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Figure 4. Shifts in leaf and stem physiology between summer and winter for four 
common, coexisting species in central Spain, including mean values (± SE) for (A) 
stomatal conductance (gs, mmol·m-2·s-1), (B) percent loss of hydraulic conductivity 
(PLC) and (C) photochemical efficiency of photosystem II (Fv/Fm) for the study species - Quercus faginea (winter deciduous angiosperm), Quercus ilex (evergreen 
angiosperm), Juniperus thurifera and Pinus nigra (conifers) – during summer (black 
bars) and winter (grey bars). Asterisks (*) indicate significant differences (P < 0.05) between summer and winter within each species. The number of individuals per 
measurement (n) is indicated at the bottom of each bar. 
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5.5.- Discussion
A key finding of this study was a generalized model of the variation across 
temperate species and communities in physiological responses during 
seasonal extremes. Contrasting dynamics were found for systems that 
experienced wet versus dry summers and also among tree functional types. 
The use of both meta-analysis and data collection for co-existing species 
highlighted how winter can cause equal to stronger stress than summer even 
in the Mediterranean region. Our findings also supported a partial seasonal control of gs by hydraulic conductance and photoinhibition, though it was clear that at least for certain species, stomatal responses to winter versus 
summer were also driven by other independent factors.
Contrasting physiological responses of woody functional types to seasonal 
stress: differences among temperate ecosystems
In support of our hypotheses, we found in the meta-analysis that 
gs declined in winter relative to summer for systems without summer drought, but that gs could be similar or higher in winter relative to summer 
for systems with strong summer drought. In some cases, for systems with summer drought, the reported winter gs values were quite high (White, 
et al., 2000; Flexas et al., 2001; Ogaya and Peñuelas, 2003; Maseyk et al., 
2008; Peters et al., 2008; Gimeno et al., 2012a), indicating that plants may 
conduct photosynthesis during winter when temperatures climb during 
the day. Thus, the capacity to maintain carbon gain during winter might 
be especially important for species that experience strong functional declines during summer drought, giving evergreen species a competitive 
advantage over deciduous plants (Gimeno et al., 2009; Choat et al., 2011), 
especially if summer droughts become even more extreme with climate 
change. However, our study case showed that the dynamics observed for 
the Mediterranean study species in a continental site, subjected to frequent summer droughts and winter freeze-thaw events, differed from those 
expected from the meta-analysis. In fact, our findings were similar to those for sites without summer drought, i.e., pronounced gs decline in winter 
relative to summer, probably due to the fact that winters are particularly 
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harsh at our study system compared to other sites with summer drought, 
only half of which experienced freeze-thaw events.
Our results from the meta-analysis and case study indicated a universal mean increase in stem embolism from summer to winter for all plant 
functional types, except for the evergreen angiosperms in sites with summer drought. In general, the accumulation of additional embolism from summer 
to winter would indicate a lack of refilling of embolisms accumulated at the 
end of the summer, a lower refilling of daily embolisms in winter, and/or 
accumulation of additional embolism due to freeze-thaw cycles (Sperry and 
Sullivan, 1992). Instead, Q. ilex showed lower PLC during winter compared 
to summer, meaning that this species might have the capacity of reversing 
embolisms by refilling xylem conduits (Nardini et al., 2011) or the capacity 
to develop new functional wood before the winter. We note that even though 
the mean trend for the meta-analysis of evergreen angiosperms was for an increased PLC in winter, two of three previous studies of Q. ilex also showed a 
decline of PLC in the winter, being our results consistent with the majority of 
studies for that species. Thus, we conclude that it is overwhelmingly common for temperate species to show higher PLC in winter, but certain species 
do have the ability to reduce PLC, which would likely provide a functional 
advantage during the winter and early spring (Wang, et al., 1992).
The differences in the response of Fv/Fm between summer and winter 
among communities with wet and dry summers are a novel finding of this 
study. While we had previously hypothesized that during the winter Fv/Fm 
would be depressed in all systems with and without summer droughts, in 
fact, in the sites with summer drought included in the meta-analysis, the Fv/
Fm remained high in winter (Figure 1f). This result could be a consequence 
of the development of strong photoprotection during the summer (García-
Plazaola et al., 2008), which could be further maintained until the winter, or due to the accumulation of pigments during the onset of winter stress 
(i.e. cold temperatures and bright sunlight conditions) to alleviate excess 
of energy, photoinhibition and provide antioxidant protection (Ruelland et 
al., 2009; Hughes, 2011). However, in our case study winter induced strong photodamage meaning that these evergreen Mediterranean species are 
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particularly sensitive to low temperatures. These findings emphasize the 
strong variation across species and sites in the integrity of the photosystem 
during winter (Adams III et al., 1994).
Vulnerability to xylem embolism of angiosperms vs. conifers
Our results from the meta-analysis and case study of PLC data showed 
higher summer and winter PLC for angiosperms, particularly for the deciduous species, than for conifers. These results extend previous reports 
from several ecosystems (Sperry et al., 1994; Feild and Brodribb, 2001; Choat 
et al., 2011) showing trade-offs between xylem anatomy, hydraulic capacity and leaf gas exchange in winter. The differences we found among species 
in PLC are likely related to variation in the xylem conduit diameters, being larger conduits more prone to drought-induced and freeze-thaw induced 
embolism (Lo Gullo and Salleo, 1993; Tyree et al., 1994; Feild and Brodribb, 
2001). Indeed, compiling published data for the xylem conduit diameters of 
these species (Table 2), we found that the PLC was strongly correlated with 
xylem maximum conduit diameter for these species (R2 = 0.98). While most species increased PLC during winter, it is worth noting that four angiosperm 
species of the Fagaceae family -Fagus sylvatica, Fagus grandifolia, Quercus 
pubescens and Q. ilex- (Sperry, 1993; Magnani and Borghetti, 1995; Tognetti 
et al., 1998; Nardini et al., 2000; Cavender-Bares et al., 2005) showed a 
decline or maintenance of PLC in winter relative to summer (see Table S1). 
In fact, the differences in vulnerability to cavitation and its seasonal recovery 
could depend on leaf habit and wood anatomy (Villar-Salvador et al., 1997; 
Taneda and Sperry, 2008), which is conditioned by the evolutionary history 
(Cavender-Bares and Holbrook, 2001), leading to different lineages either 
to refill their conduits (Nardini et al., 2011) or to tolerate winter embolism 
until new xylem formation during the growing season (Améglio et al., 
2002). Regarding our Quercus species, Q. ilex avoids extensive embolism by 
refilling while Q. faginea is more prone to tolerate. Mediavilla and Escudero 
(2004) had previously reported a more conservative water use strategy of 
Q. ilex, showing lower maximum gs and greater sensitivity to water stress 
(VPD), than Q. faginea, resulting in leaf water potentials of Q. ilex that never decreased as much as Q. faginea.
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Stomatal control partially responds to the hydraulic conductance and 
photoinhibition
Our data pointed to the hypothesis that the seasonal dynamics of gs is 
determined by the hydraulic system (Salleo et al., 2000) at sites without 
summer drought. Instead, in systems prone to summer drought from the 
meta-analyses, PLC increased but stomata remained open (or opened further) during winter. These last results would point to a general independence of 
the hydraulic and stomatal systems in sites with summer drought, at first 
sight surprising. Such a finding might reflect a strong redundancy in the stem 
hydraulic system for these species, such that plant hydraulic conductance 
would not be strongly impacted by a considerable reduction in functional 
conduit number (Zimmermann, 1983; Lo Gullo et al., 2003). However, in the 
case study as it happened at sites without summer drought, three of four species showed that increased stem embolism and photodamage during 
winter may both contribute to lower gs, whereas Q. ilex showed declining PLC, but still a reduced gs and Fv/Fm. Further, VPD was also driving the 
stomatal response of our study species, as it is commonly found (Oren et 
al., 1999), but it did not have an effect on the physiological performance 
for the species included in the meta-analyses, probably due to the notable 
interspecific variation in the sensitivity of the response to VPD (Oren et al., 
1999). These findings indicate that the hydraulic signals might be partially driving the stomatal control, but root-to-shoot chemical signaling could also 
be involved, being the importance of these mechanisms highly dependent on 
the type of seasonal stress experienced by each community.
Table 2. Mean maximum conduit diameter (μm) of each of the case study species based on data averaged across studied sites in the published literature.
Species Mean maximum conduit diameter (μm) References
Q. ilex 170 ± 20.8 Corcuera et al., 2004b; Micco et al., 2008; Albuixech et al., 2012
Q. faginea 270 ± 90 Corcuera et al., 2004a; Albuixech et al., 2012
P. nigra 47.0 ± 26.0 Froux et al., 2002; Esteban et al., 2011
J. thurifera 20.1 ± 1.9 DeSoto et al., 2011; Olano et al., 2012a
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5.6.- Conclusions
Conclusions, implications and needs for further study
This study is, to our knowledge, the first to approach the general question 
of summer to winter transitions for woody species across the temperate zone, 
pointing to several strong conclusions. We found clear signs that winter is 
an equally or even stronger stress than summer across the temperate zone, including the Mediterranean vegetation. The differences among functional 
types could be of high importance in determining ecosystem productivity 
and dynamics, especially where carbon gain is limited to a few months. The patterns shown here would thus be a baseline against which to compare 
shifts with ongoing climate change. Further quantification of differences 
among plant functional types would be very useful for understanding and explicit modeling of annual trajectories in gas exchange.
The meta-analysis confirmed our general hypotheses but we acknowledge it is subjected to a number of uncertainties. First, species were pooled 
across studies that varied in methodology and instrumentation. Second, 
gs measurements between 10 am and 12 pm might not represent the 
maximum stomatal conductance, especially for sites experiencing droughts. 
Moreover, sites greatly varied in climate, and thus, while the VPD did not 
explain the physiological performance in the meta-analysis, it is possible 
that the strong variation in, e.g., frequency of frosts, would cause differences among sites. These sources of variation reduce the resolution of the average patterns we present, and greater precision can be achieved with improved 
standardization and collaboration among researchers at different sites (e.g. 
Zhang et al., 2007; Kampe et al., 2010; Sack et al., 2010). Future effort toward standardization will be essential for a clearer picture of global seasonal 
trends in plant function, and for testing the hypotheses for shifts between summer and winter supported here. This research will contribute to a strong 
predictive ability of species function, and ecosystem flux rates, for given 
climates and as climate changes and weather fluctuates.
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5.8.- Supplementary material
Table S1. Species, geographic location and references used in the meta-analysis 
for: (A) stomatal conductance (gs, mmol·m-2·s-1), (B) percent loss of hydraulic 
conductivity (PLC) and (C) photochemical efficiency of photosystem II (Fv/Fm). Sign 
of effect summer-winter refers to the transition summer < winter (+), summer > 
winter (-) or summer = winter (=).
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A Stomatal conductance (gs)   
Sites without summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Acer pseudoplatanus Oxfordshire, UK Morecroft and Roberts, 1999 - Acer sacharum Ashland, MO, USA Loewenstein and Pallardy, 1998 - Calycanthus floridus Trieste, Italy Nardini and Salleo 2000 - Carpinus betulus Basel, Switzerland Keel et al., 2007 - Castanea sativa Trieste, Italy Nardini and Salleo 2000 - Cercis siliquastrum Trieste, Italy Nardini and Salleo 2000 - Corylus avellana Trieste, Italy Nardini and Salleo 2000 - Fagus sylvatica Basel, Switzerland Keel et al., 2007 - F. sylvatica v purpurea Kiel, Germany Hacke and Sauter, 1995 - Juglans nigra Ashland, MO, USA Loewenstein and Pallardy, 1998 - Juglans regia Trieste, Italy Nardini and Salleo 2000 - Malus domestica Trieste, Italy Nardini and Salleo 2000 - Magnolia soulangeana Trieste, Italy Nardini and Salleo 2000 - Quercus alba Ashland, MO, USA Loewenstein and Pallardy, 1998 - Quercus petraea Basel, Switzerland Keel et al., 2007 - Quercus robur Oxfordshire, UK Morecroft and Roberts, 1999 - Quercus serrata Nagoya, Japan Hiyama et al., 2005 -Evergreen angiosperms    Aucuba japonica Nagoya, Japan Hiyama et al.2005 + Camellia japonica Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Castanopsis cuspidata Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Cleyera japonica Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Eurya japonica Nagoya, Japan Hiyama et al., 2005 + Ilex pedunculosa Nagoya, Japan Hiyama et al., 2005 + Ilex pedunculosa Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Ligustrum japonicum Nagoya, Japan Hiyama et al., 2005 + Pachysandra terminalis Hokkaido, Japan Yoshie and Kawano, 1986 - Photinia glabra Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Quercus glauca Kamigamo, Japan Miyazawa and Kikuzwa, 2005 - Vaccinium bractearum Nagoya, Japan Hiyama et al.2005 -Conifers     Picea abies Lägeren, Switzerland Falge et al., 1996 - Picea glauca British Columbia, Canada Binder and Fielder, 1996 - Pinus sylvestris Västoman, Sweden Strand et al., 2002 - Pinus sylvestris Joensuu, Finland Wang, 1996 - Pinus taeda North Carolina, USA Ellsworth, 2000 - Pinus taeda North Carolina, USA Murthy et al., 1997 - Pinus taeda Louisiana, USA Tang et al., 2003 -
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Sites with summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Juglans regia California, USA Rosati et al., 2006 - Prunus persica Aguas de Moura, Portugal Correia et al., 1997 - Quercus douglasii Sierra Nevada, CA, USA Xu and Baldocchi, 2003 - Quercus faginea Salamanca, Spain Mediavilla et al., 2002 - Quercus frainetto Thessaloniki, Greece Siam et al., 2008 - Quercus ithaburensis Thessaloniki, Greece Siam et al., 2008 - Quercus pubescens Tuscany, Italy Tognetti et al., 1998 - Quercus pubescens Thessaloniki, Greece Siam et al., 2008 - Quercus pubescens Montpellier, France Damesin and Rambal, 1995 - Sambucus nigra Düsseldorf, Germany Vogt and Lösch, 1999 - Sorbus aucuparia Düsseldorf, Germany Vogt and Lösch, 1999 -Evergreen angiosperms    Arbutus unedo Mallorca, Spain Gulías et al., 2009 + Arctostaphylos glandulosa California, USA Jacobsen et al., 2008 - Boscia albitrunca Oena Mine, South Africa Wand et al., 1999 + Ceanothus cuneatus California, USA Jacobsen et al., 2008 - Ceanothus megacarpus California, USA Jacobsen et al., 2008 - Ceanothus spinsus California, USA Jacobsen et al., 2008 - Citisus albidus Mallorca, Spain Gulías et al., 2009 + Citisus monspeliensis Mallorca, Spain Gulías et al., 2009 + Citisus salvifolius Mallorca, Spain Gulías et al., 2009 + Cneorum tricoccon Mallorca, Spain Gulías et al., 2009 - Erica multiflora Barcelona, Spain Prieto et al., 2009 + Erica multiflora Barcelona, Spain Llorens et al., 2003 + Eucalyptus camaldulensis Katanning, Australia White et al., 2000 + Eucalyptus leucoxylon Katanning, Australia White et al., 2000 + Eucalyptus platypus Katanning, Australia White et al., 2000 + Euclea pseudebenus Oena Mine, S Africa Wand et al., 1999 - Globularia alypum Barcelona, Spain Prieto et al., 2009 + Globularia alypum Barcelona, Spain Llorens et al., 2003 + Hypericum balearicum Mallorca, Spain Gulías et al., 2009 - Malosma laurina California, USA Jacobsen et al., 2008 - Olea europaea Mallorca, Spain Gulías et al., 2009 + Olea europaea Sfax, Tunisia Ben Ahmed et al., 2007 + Phillyrea latifolia Tarragona, Spain Ogaya and Peñuelas, 2003 +
CHAPTER 5
169
Sites with summer drought (cont.)   
 Species Geographic location Reference Sign of effect summer-winter Phillyrea latifolia Mallorca, Spain Gulías et al., 2009 - Pistacia lentiscus Mallorca, Spain Gulías et al., 2009 + Pistacia lentiscus Mallorca, Spain Flexas et al., 2001 + Quercus berberidifolia California, USA Jacobsen et al., 2008 - Quercus coccifera Mallorca, Spain Gulías et al., 2009 + Quercus coccifera Teruel, Spain Baquedano and Castillo, 2007 + Quercus ilex Mallorca, Spain Gulías et al., 2009 + Quercus ilex Tarragona, Spain Ogaya and Peñuelas, 2003 + Quercus ilex Teruel, Spain Baquedano and Castillo, 2007 - Quercus suber Portugal Oliveira et al., 1992 - Rhamnus alaternus Mallorca, Spain Gulías et al., 2009 + R. ludovici-salvatoris Mallorca, Spain Gulías et al., 2009 - Schotia afra Oena Mine, S Africa Wand et al., 1999 - Tamarix usneoides Oena Mine, S Africa Wand et al., 1999 -Conifers     Juniperus phoenicea Teruel, Spain Baquedano and Castillo, 2007 - Juniperus thurifera Guadalajara, Spain Gimeno et al., 2012a + Pinus canariensis Tenerife, Spain Peters et al., 2008 + Pinus halepensis Barcelona, Spain Prieto et al., 2009 + Pinus halepensis Hebron, Israel Maseyk et al., 2008 + Pinus halepensis Teruel, Spain Baquedano and Castillo, 2007 + Pinus palustris Georgia, USA Addington et al., 2004 + Pinus pinea Northern Plateau, Spain Pardos et al., 2010 +
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B Percent loss of hydraulic conductivity (PLC)  
Sites without summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Acer saccharum Vermont, USA Sperry et al., 1988 + Alnus crispa Alaska, USA Sperry et al., 1994 + Betula cordifolia Vermont, USA Sperry, 1993 + Betula occidentalis Utah, USA Sperry et al., 1994 + B. papyrifera v humilis Alaska, USA Sperry et al., 1994 + Fagus grandifolia Vermont, USA Sperry, 1993 = Fagus sylvatica Abetone, Italy Magnani and Borghetti, 1995 - Fagus sylvatica Nancy, France Cochard et al., 2001 + Fraxinus excelsior Nancy, France Cochard et al., 1997 + Juglans regia Clermont-Ferrand, France Améglio et al., 2002 + Populus balsamifera Alaska, USA Sperry et al., 1994 + Populus tremuloides Utah and Alaska, USA Sperry et al., 1994 + Prunus persica Clermont-Ferrand, France Améglio et al., 2002 + Quercus gambelii Utah, USA Sperry et al., 1994 + Sambucus nigra Düsseldorf, Germany Vogt, 2001 + Sorbus aucuparia Düsseldorf, Germany Vogt, 2001 +Evergreen angiosperms    Laurus nobilis Trieste, Italy Gascó et al., 2007 + Quercus ilex Venice, Italy Nardini et al., 2000 + Rhododendron atawbiense Oregon and North Carolina Cordero and Nilsen, 2002 + R. maximum Oregon and North Carolina Cordero and Nilsen, 2002 +Conifers     Abies balsamea Vermont, USA Sperry, 1993 + Abies lasiocarpa Utah, USA Sperry et al., 1994 + Juniperus communis Central Alps, Austria Mayr et al., 2006 + Picea abies Central Alps, Austria Mayr et al., 2006 +
 Picea abies Central Alps, Austria Mayr et al., 2003 +
 Picea glauca Alaska, USA Sperry et al., 1994 +
 Picea rubens Vermont, USA Sperry, 1993 + Pinus albicaulis Montana, USA Sparks and Black, 2000 +
 Pinus cembra Central Alps, Austria Mayr et al., 2003 +
 Pinus cembra Central Alps, Austria Mayr et al., 2006 +
 Pinus contorta Idaho, USA Sparks et al., 2001 + Pinus contorta Idaho, USA Sparks and Black, 2000 +
 Pinus mugo Central Alps, Austria Mayr et al., 2006 +
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Sites with summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Alnus cordata Firence,Italy Tognetti and Borghetti, 1994 + Quercus afares Montpellier, France Cavender-Bares et al., 2005 + Quercus faginea Montpellier, France Cavender-Bares et al., 2005 + Quercus pubescens Tuscany, Italy Tognetti et al., 1998 -Evergreen angiosperms    Quercus ilex Montpellier, France Cavender-Bares et al., 2005 - Quercus ilex Sicily, Italy Nardini et al., 2000 + Quercus ilex Tuscany, Italy Tognetti et al., 1998 - Quercus suber Montpellier, France Cavender-Bares et al., 2005 + Rhododendron macrophyllum Oregon and North Carolina, USA Cordero and Nilsen, 2002 +Conifers     Abies grandis Washingon, USA McCulloh et al., 2011 + Pseudotsuga menziesii Washingon, USA McCulloh et al., 2011 + Thuja plicata Washingon, USA McCulloh et al., 2011 + Tsuga heterophylla Washingon, USA McCulloh et al., 2011 +
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C Photochemical efficiency of photosystem II (Fv/Fm)  
Sites without summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Acer pensylvanicum Harvard Forest, MA, USA Lee et al., 2003 - Acer rubrum Harvard Forest, MA, USA Lee et al., 2003 - Acer saccharum Harvard Forest, MA, USA Lee et al., 2003 - Betula populifolia Harvard Forest, MA, USA Lee et al., 2003 - Buchanania latifolia Junnan, China Zhang et al., 2007 - Castanea dentata Harvard Forest, MA, USA Lee et al., 2003 - Cornus alternifolia Harvard Forest, MA, USA Lee et al., 2003 - Fagus grandifolia Harvard Forest, MA, USA Lee et al., 2003 - Fraxinus americana Harvard Forest, MA, USA Lee et al., 2003 - Hamelia virginiana Harvard Forest, MA, USA Lee et al., 2003 - Ilex verticillata Harvard Forest, MA, USA Lee et al., 2003 - Populus grandidentata Harvard Forest, MA, USA Lee et al., 2003 - Populus tremuloides Harvard Forest, MA, USA Lee et al., 2003 - Prunus serotina Harvard Forest, MA, USA Lee et al., 2003 - Quercus robur Frankfurt, Germany Brüggemann et al., 2009 - Quercus rubra Harvard Forest, MA, USA Lee et al., 2003 - Symplocos racemosa Junnan, China Zhang et al., 2007 - Vaccinium corymbosum Harvard Forest, MA, USA Lee et al., 2003 - Viburnum alnifolium Harvard Forest, MA, USA Lee et al., 2003 - Viburnum cassinoides Harvard Forest, MA, USA Lee et al., 2003 -Evergreen angiosperms    Cyclobalanopsis helferiana Junnan, China Zhang et al., 2007 = Quercus ilex Frankfurt, Germany Brüggemann et al., 2009 - Rhododendron catawblense Iowa, USA Wang et al., 2009 - Rhododendron ferrugineum Innsbruck, Austria Neuner and Pramsohler, 2006 - Rhododendron ponticum Iowa, USA Wang et al., 2009 -Conifers     Abies lasiocarpa Colorado, USA Zarter et al., 2006 - Picea abies Tyrolian Central Alps Stecher et al., 1999 - Picea abies Paris, France Berveiller et al., 2007 - Picea engelmannii Colorado, USA Zarter et al., 2006 - Picea morrisonicola Tatachia, Taiwan Weng et al., 2005 - Pinus armandi Guandaushi, Taiwan Weng et al., 2006 - Pinus cembra Innsbruck, Austria Neuner and Pramsohler, 2006 - Pinus cembra Tyrolian Central Alps Stecher et al., 1999 - Pinus contorta Colorado, USA Zarter et al., 2006 - Pinus ponderosa Colorado, USA Zarter et al., 2006 - Pinus sylvestris Paris, France Berveiller et al., 2007 - Pinus sylvestris Hyytiälä, Finland Porcar-Castell et al., 2008 - Pinus taiwanensis Tatachia and Guandaushi, Taiwan Weng et al., 2009 - Pseudotsuga menziesii Colorado, USA Zarter et al., 2006 - Taxus baccata Poznan, Poland Robakowski and Wyka, 2009 -
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Sites with summer drought   
 Species Geographic location Reference Sign of effect summer-winterDeciduous angiosperms    Quercus afares Montpellier, France Cavender-Bares et al., 2005 - Quercus faginea Montpellier, France Cavender-Bares et al., 2005 = Quercus frainetto Thessaloniki, Greece Siam et al., 2008 - Quercus ithaburensis Thessaloniki, Greece Siam et al., 2008 - Quercus lobata California, USA Mahall et al., 2009 - Quercus pubescens Montpellier, France Damesin and Rambal 1995 - Quercus pubescens Thessaloniki, Greece Siam et al., 2008 -Evergreen angiosperms    Arbutus andrachne Patras, Greece Karavatas and Manetas, 1999 - Arbutus unedo Patras, Greece Karavatas and Manetas, 1999 - Arctostaphylos uva-ursi Guadalajara, Spain Valladares et al., 2008 + Erica multiflora Barcelona, Spain Prieto et al., 2009 - Erica multiflora Barcelona, Spain Llorens et al., 2003 + Globularia alypum Barcelona, Spain Prieto et al., 2009 - Globularia alypum Barcelona, Spain Llorens et al., 2003 - Ilex aquifolium Madrid, Spain Valladares et al., 2005b - Myrtus communis Huelva, Spain Ain-Lhout et al., 2004 - Nerium oleander Patras, Greece Karavatas and Manetas, 1999 - Notofagus dombeyi Pichiquillaipe, Chile Zúñiga et al., 2006 + Notofagus nitida Pichiquillaipe, Chile Zúñiga et al., 2006 - Phillyrea latifolia Tarragona, Spain Ogaya and Peñuelas, 2003 - Phillyrea latifolia Patras, Greece Karavatas and Manetas, 1999 - Pistacia lentiscus Huelva, Spain Ain-Lhout et al., 2004 + Pistacia lentiscus Patras, Greece Karavatas and Manetas, 1999 - Quercus coccifera Teruel, Spain Baquedano and Castillo, 2007 - Quercus ilex Montpellier, France Cavender-Bares et al., 2005 + Quercus ilex Tarragona, Spain Ogaya and Peñuelas, 2003 - Quercus ilex Teruel, Spain Baquedano and Castillo, 2007 - Quercus ilex Guadalajara, Spain Valladares et al., 2008 - Quercus suber Montpellier, France Cavender-Bares et al., 2005 +Conifers     Abies balsamea St. Paul, MN, USA Verhoeven et al., 2009 - Juniperus phoenicea Huelva, Spain Ain-Lhout et al., 2004 + Juniperus phoenicea Teruel, Spain Baquedano and Castillo, 2007 - Pinus halepensis Barcelona, Spain Prieto et al., 2009 - Pinus halepensis Teruel, Spain Baquedano and Castillo, 2007 - Pinus pinea Northern Plateau, Spain Pardos et al., 2010 - Pinus strobus St. Paul, MN, USA Verhoeven et al., 2009 -
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Table S2. Mean and standard error (SE) for vapour pressure deficit (VPD kPa) and 
temperature (°C) at sites without and with summer droughts during summer and during winter. Mean VPD (kPa) SE Mean T (°C) SE
Without summer drought     Summer 1.17 0.006 20.58 0.117
Winter 0.43 0.061 2.02 1.257
With summer drought     Summer 1.83 0.010 23.47 0.079
Winter 0.61 0.008 8.69 0.262
C. Discusión general
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El estudio de la coexistencia de especies y de la biodiversidad es importante para la conservación de las comunidades vegetales afectadas por el cambio global. Sin embargo, han emergido pocas generalidades de los 
estudios que se han llevado a cabo hasta el momento (Cowling et al., 1996), particularmente para ecosistemas mediterráneos. Si a esto le sumamos 
el hecho de que la mayoría de los estudios de diversidad y coexistencia en zonas de clima mediterráneo se han realizado en comunidades de 
herbáceas (e.g. Lavorel 1999) o de arbustos (e.g. Maestre y Cortina, 2005), 
la necesidad de más trabajos que traten de explicar la coexistencia arbórea en comunidades donde sólo unas pocas especies conforman el dosel, es 
manifiesta (pero véanse ejemplos como Lloret et al., 2004; Gómez-Aparicio et 
al., 2006). El principal objetivo de la presente tesis doctoral fue identificar los 
mecanismos de coexistencia de especies arbóreas en bosques mediterráneos 
continentales caracterizados por una escasa riqueza de especies de árboles. 
Para ello, escogimos como zona de estudio el Parque Natural del Alto Tajo, donde cuatro especies típicas de ecosistemas mediterráneos en la Península 
Ibérica (encina -Quercus ilex-, quejigo -Q. faginea-,  pino laricio -Pinus nigra- y sabina -Juniperus thurifera-) aparecen mezcladas en todas las combinaciones 
posibles, coexistiendo a diversas escalas espaciales y variando su dominancia. Además, estas comunidades están sometidas a fuertes variaciones climáticas 
estacionales e interanuales, lo que nos permite comparar las respuestas bajo 
condiciones climáticas contrastadas, considerando aquellas respuestas en 
condiciones de mayor aridez o ante eventos de sequía extrema como una analogía de las respuestas esperables ante un aumento en la frecuencia e intensidad de las mismas en relación con el calentamiento global. A través 
del desarrollo de cada uno de los capítulos y de la presente discusión de los 
resultados principales, creemos que estamos en disposición de contribuir a un mejor entendimiento de la coexistencia de especies arbóreas en zonas de clima mediterráneo donde el ensamblaje de comunidades parece ser poco 
dependiente del azar (Gross et al., 2013). 
En concreto, comparamos patrones espaciales entre juveniles y adultos 
para inferir procesos de facilitación o competencia; identificamos mecanismos 
de coexistencia considerando distintas escalas a) espaciales (desde una 
escala de microhábitat hasta una regional) que afectan principalmente a 
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las primeras etapas de vida de los individuos; y b) temporales (estacionales 
e interanuales) para la comparación de procesos relacionados con las 
distintas etapas de vida (i.e. regeneración, crecimiento secundario en grosor 
y comportamiento fisiológico de adultos).
C1. Patrones y mecanismos de coexistencia
En la presente tesis doctoral ponemos de manifiesto que la heterogeneidad 
ambiental (abiótica y biótica) modula el ensamblaje de la comunidad de 
árboles considerada. Esta heterogeneidad, muy dependiente de la escala 
espacial y temporal, da lugar a la existencia de una elevada diversidad de 
nichos y de ventanas temporales de climatología contrastada que permiten la coexistencia de las especies estudiadas. 
Nuestros resultados ilustran la importancia de la heterogeneidad 
abiótica a la hora de proporcionar mosaicos que garanticen la persistencia 
de las poblaciones y de las comunidades, particularmente para las etapas de vida más tempranas. Así, los juveniles de cada especie se encontraron agregados entre sí pero alejados de los juveniles de las otras especies. Estos 
resultados sugieren la existencia de una segregación de nicho que favorece 
la coexistencia de las especies a escalas más amplias (Capítulo 1), aunque no 
podemos descartar que el patrón agregado sea debido a la dispersión. Más 
aún, encontramos que parcelas con niveles contrastados de disponibilidad hídrica presentaron fuertes diferencias en los patrones observados para cada especie. Por ejemplo, en las parcelas más mésicas la frecuencia de juveniles 
de encina fue mayor en los claros que en cualquier otro microhábitat 
(Tabla C1, Capítulo 1), mientras que en aquellas parcelas más xéricas estos 
juveniles cambiaron su preferencia de hábitat. Cabe decir que también la composición del dosel arbóreo en las distintas parcelas dio lugar a una 
regeneración diferencial (Tabla C1, Capítulo 2). Estos resultados destacan, por un lado, la importancia de considerar tanto la composición como la 
estructura del bosque para predecir comportamientos a nivel de comunidad 
(Ruíz-Benito et al., 2013). Uno de los resultados que queremos destacar de 
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esta tesis demuestra, tanto de forma observacional como experimental, que 
los individuos no regeneran mejor en los bosques dominados por adultos 
de su misma especie (conespecíficos), sugiriendo que a medio plazo y a escalas locales es probable un cambio en la dominancia de las especies en 
las comunidades estudiadas. Este patrón es clave para explicar un equilibro 
en el cual las especies varían su dominancia en el tiempo, y puede ser debido, además de a la heterogeneidad abiótica, a las interacciones planta-
planta y a aquellas interacciones relacionadas con la depredación e infección 
por patógenos, reconocidos factores que producen patrones de denso-dependencia negativa. Otros estudios en la Península Ibérica han encontrado 
patrones parecidos (e.g. Peñuelas y Boada, 2003; Pérez-Ramos y Marañón, 
2012). Así por ejemplo, Galiano et al. (2010) detectaron escasa regeneración de Pinus sylvestris en pinares parcialmente defoliados por un evento de 
sequía, mientras que dos especies de Quercus presentaron altas tasas de reclutamiento en esos pinares, sugiriendo un posible reemplazamiento de la especie actualmente dominante en un plazo medio. 
Los resultados obtenidos confirman que la predominancia de determinadas  interacciones planta-planta cambia a lo largo de las etapas de desarrollo de los árboles. Así por ejemplo, en las fases juveniles se observó, como comentábamos, competencia intraespecífica de todas las 
especies con sus conespecíficos adultos (a excepción de la sabina, en la que sólo se observó competencia con las herbáceas en la fase de emergencia, 
Capítulos 1 y 2) y competencia interespecífica entre los juveniles de las 
cuatro especies, mientras que en las fases adultas no se detectaron procesos 
competitivos (Tabla C1, Capítulos 1, 3 y 4). Si bien no podemos descartar 
que exista competencia entre adultos a otros niveles no estudiados, nuestros 
resultados concuerdan con otros trabajos que han mostrado cambios en el comportamiento o en las interacciones bióticas a lo largo de la ontogenia 
(Miriti, 2006; Sánchez-Gómez et al., 2008; Pérez-Ramos et al., 2012). A 
pesar de que la competencia entre adultos parece ser común en ecosistemas 
mediterráneos (Linares et al., 2010; Gómez-Aparicio et al., 2011), ésta puede 
no ser constante a lo largo del gradiente climático (Gómez-Aparicio et al., 
2011) y verse afectada por otros factores como el tipo o la intensidad de 
manejo. En nuestro sistema de estudio lo más probable es que se dé una 
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disminución de la competencia durante la ontogenia por reducción de la densidad arbórea en las etapas de vida adulta en relación a las fases más 
tempranas, debido a los intensos filtros que actúan desde la fase de semilla. Algo parecido se observa con la mortalidad de individuos por eventos 
extremos, que da como resultado una menor competencia, disminuyendo la 
vulnerabilidad de las poblaciones a futuros eventos extremos (Lloret et al., 
2012). De forma similar la importancia de la facilitación como motor de coexistencia también varió a lo largo de la historia de vida de los individuos, 
concretamente entre las fases de emergencia y reclutamiento. Mientras que durante la fase de emergencia no encontramos relaciones de facilitación 
(Capítulo 2), transcurridos más de dos años de vida, todas las especies tuvieron un mejor comportamiento bajo el dosel arbóreo de individuos 
heteroespecíficos o de arbustos (véase Tabla C1, etapas de plántula-juvenil) 
lo que determina un reclutamiento diferencial. Estos resultados concuerdan 
con los de otros estudios en ecosistemas mediterráneos (Gómez-Aparicio 
et al., 2008; Pugnaire et al., 2011) que destacan la importancia de la amortiguación de los eventos climáticos extremos por parte de individuos de 
distintas especies en la fase de establecimiento (véase Figura A3), y no tanto 
en la fase de germinación. El estrés hídrico del verano de nuevo se confirma como un factor clave en el reclutamiento, en consonancia con numerosos 
estudios en zonas de clima mediterráneo (e.g. Castro et al., 2004a, 2005; 
Marañón et al., 2004).
Figura C1. Plántulas muertas o con un elevado grado de afectación tras la primera 
sequía de verano
Un aspecto a destacar es el de la depredación e infección por patógenos 
como mecanismos para prevenir la dominancia de una sola especie (Connell, 
1971). Nuestros datos mostraron que la mayor causa de pérdida de semillas 
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fue debida a la depredación (al menos en el caso de los Quercus), la cual 
parece responder más a procesos estocásticos y no denso-dependientes 
como cabría esperar, sin diferencias entre microhábitats, aunque sí entre 
tipos de bosque (Tabla C1, Capítulo 2). Estos resultados contradicen 
aquéllos encontrados en otros trabajos (e.g. Rey et al., 2002) en los cuales 
la depredación es más intensa bajo los árboles parentales y sugieren que el comportamiento de los depredadores parece depender de otros muchos 
factores (e.g. Espelta et al., 2008). Sin embargo, lo más destacado en cuanto 
a las relaciones entre plantas y otros organismos, tiene que ver con el papel 
que juegan los patógenos en el mantenimiento de la coexistencia. A pesar 
de que el número de semillas afectadas por patógenos en comparación 
con la depredación fue mucho menor, encontramos que la frecuencia de 
semillas de encina muertas por hongos fue mayor en bosques donde los 
adultos conespecíficos eran dominantes. Estos resultados concuerdan con 
la hipótesis de Janzen-Connell (Janzen, 1970; Connell, 1971), según la cual 
los enemigos naturales causan una mayor mortalidad de las especies más 
abundantes, liberando espacio para que puedan establecerse otras menos 
dominantes o abundantes. Este resultado es digno de ser destacado porque rara vez se han detectado estos procesos fuera de los ecosistemas tropicales 
y menos en sistemas forestales pobres en especies arbóreas (pero véase 
Packer y Clay, 2000; Hyatt et al., 2003 o Gómez-Aparicio, 2008).
C2. Respuestas diferenciales de las especies 
coexistentes ante variaciones climáticas
Las diferencias de cada especie en los patrones de emergencia, 
supervivencia, crecimiento secundario y comportamiento fisiológico en respuesta a variaciones climáticas estacionales e interanuales, también 
iluminan la dinámica de estos ecosistemas y aportan herramientas para poder predecir impactos potenciales de los cambios climáticos en la 
coexistencia y ensamblaje de comunidades.
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En las fases más tempranas de vida, el momento en el cual se llevó a cabo la emergencia tuvo consecuencias significativas para la supervivencia 
(Capítulo 2) tal y como se ha observado en otros estudios (e.g. Verdú y Traveset, 
2005; Castro 2006). Las encinas emergieron más tarde y sobrevivieron más 
tras la primera sequía estival que los quejigos (Tabla C1). Es probable que esta estrategia les sirva para desarrollar un sistema radicular más potente 
que les permita sobrevivir durante la sequía (Lloret et al., 1999). En cambio, 
los quejigos mostraron una emergencia adelantada en comparación con las encinas. Esta estrategia puede ser favorable, en cuanto al crecimiento 
(Verdú y Traveset, 2005) o a la supervivencia (Urbieta et al., 2008), cuando 
les permita aprovechar la estación de crecimiento (primavera) bajo 
condiciones climáticas no muy adversas. Sin embargo, si durante la estación 
de crecimiento la sequía es intensa y prolongada hasta el verano, como fue en 
nuestro estudio, el emerger antes y desarrollar más parte aérea que radicular 
puede suponer un riesgo para la supervivencia (Lloret et al., 1999). Los pinos 
no sobrevivieron frente a estas condiciones adversas, seguramente porque 
sus semillas tienen escasas reservas y no presentan cubierta de protección 
frente a la sequía. Así, la regeneración de pino laricio parece depender más de 
ventanas temporales muy concretas con características climáticas favorables, presentando un reclutamiento esporádico de año en año. Numerosos 
estudios han demostrado que la sequía es el principal cuello de botella 
para la regeneración de los pinos mediterráneos (e.g. Castro et al., 2004a; 
Camarero y Gutiérrez, 2007). Así por ejemplo, Mendoza y colaboradores 
(2009) mostraron diferencias en el reclutamiento de seis especies de árboles 
mediterráneos, indicando que las especies boreo-alpinas (Pinus sylvestris 
y Taxus baccata) requerían un verano húmedo para reclutar con éxito. Sin embargo, al considerar los patrones espaciales mediante parcelas mapeadas 
en nuestro sistema de estudio (Capítulo 1) pudimos comprobar que la abundancia de juveniles de pino laricio en general no distaba tanto del resto 
de las especies. Este resultado sugiere que la baja frecuencia de veranos 
relativamente mésicos ha sido suficiente para mantener una regeneración 
más o menos estable, lo cual sugiere a su vez que el pino presenta un 
reclutamiento estabilizador inducido por el clima (Lloret et al. 2012). En el caso de las sabinas también observamos un comportamiento dependiente del estrés climático, pero en este caso, en lugar de morir, las semillas esperaron 
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a emerger al año siguiente 
que resultó climáticamente más favorable. Pocos trabajos han considerado la emergencia de esta especie 
(véase Montesinos et al., 
2007), pero estudios con otros Juniperus muestran 
que la dormancia de las semillas de estas especies 
es una estrategia común 
(Lee et al., 1995).
En la fase adulta, mientras 
que todas las especies vieron su crecimiento mediado por las variaciones en la precipitación anual, el patrón temporal de estas lluvias dentro de cada año tuvo un efecto diferente sobre el crecimiento de los 
distintos tipos de madera (madera temprana vs. madera tardía). En general, 
las dos especies más tolerantes a la sequía (encina y sabina) fueron las que respondieron de una forma más positiva a las precipitaciones de verano. 
Ante estos resultados (Capítulo 3), sugerimos que probablemente el quejigo 
y el pino cerraban los estomas durante el verano y por tanto se veían menos 
afectados por variaciones climáticas. Sin embargo, en el capítulo 5 (véase 
Tabla C1) pudimos observar que el quejigo mostró los niveles más altos 
de conductancia estomática (gs) en verano. Así, esta explicación podría ser 
válida para el pino laricio pero no tanto para el quejigo, que probablemente 
acumule o use el carbono adquirido en otros tejidos (véase Brueggemann 
et al., 2011). Para el quejigo la variable que más influyó para la formación 
de madera temprana fue la temperatura de verano, lo cual sugiere que 
cuando los veranos son muy calurosos, el crecimiento se restringe a unos pocos meses de primavera, probablemente para prevenir la cavitación del 
xilema durante el verano (que puede llegar al 80% en algunos años, Capítulo 
Figura C2. Bosque mixto en el Parque Natural del Alto Tajo
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5, Tabla C1). Durante el invierno, la encina fue la única especie que aumentó 
su crecimiento a mayores temperaturas. Este hecho probablemente está 
relacionado con una mayor capacidad fotosintética en comparación con 
las otras especies (Baquedano y Castillo 2007). No obstante, encontramos 
gs muy bajas en invierno (Capítulo 5), parecidas a las del pino y la sabina, 
por lo que este resultado merece estudios detallados para poder alcanzar 
una conclusión definitiva. El quejigo fue la única especie que respondió a las precipitaciones de invierno, aumentando la formación de madera tardía, 
lo que puede estar relacionado con la capacidad de sus raíces de adquirir 
agua de las capas más profundas cuando la sequía es intensa (Corcuera et 
al., 2004a). Dado que las predicciones climáticas para el futuro sugieren 
mayores sequías para los meses de verano, y que algunas especies dependen 
de la disponibilidad hídrica en estos meses mientras que otras no usan estos recursos, cambios abruptos en la estacionalidad de la precipitación, pueden 
favorecer diferencialmente a unas especies sobre otras y así desacoplar el 
balance de coexistencia local (McCluney et al., 2012). Sin embargo, mientras 
que la sequía estival está considerada como la principal causa de estrés de 
los ecosistemas mediterráneos (Prieto et al., 2009), nuestros resultados 
muestran claramente que el invierno puede llegar a ser igual o más 
estresante que el verano, tal y como ya han mostrado estudios previos en zonas continentales (Martínez-Ferri et al., 2004; Valladares et al., 2008). Así, en sitios con climas estacionales contrastados, el calentamiento moderado 
durante el invierno podría aumentar el crecimiento y la supervivencia de 
los árboles, a menos que el estrés hídrico por el calentamiento sea excesivo 
durante el verano (Martínez-Vilalta et al., 2008; Gimeno et al., 2009).
Entre los resultados obtenidos, cabe destacar también aquellos relacionados con las respuestas ante eventos climáticos extremos. A 
pesar de que todas las especies disminuyeron drásticamente su crecimiento 
durante años de sequía extrema, no todas las especies retomaron su ritmo 
normal de la misma forma (Capítulo 3): el quejigo fue la única especie 
que no vio el crecimiento de su madera tardía (muy correlacionado con 
el tamaño del anillo) completamente recuperado dos años después de estos eventos. Las consecuencias de una disminución en la madera tardía 
pueden ser muy graves ya que sus vasos son los responsables de la mayor 
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parte de la conducción hídrica cuando los vasos de mayor diámetro 
de la madera temprana cavitan (Corcuera et al., 2006). En cuanto a las tendencias temporales del crecimiento, nuestros resultados dendrológicos 
también muestran que la encina y el pino están manteniendo sus tasas de 
crecimiento desde los años 70, probablemente porque el escaso crecimiento durante los años climáticamente desfavorables se ve compensado por un 
mayor crecimiento durante los años favorables. Linares y Tíscar (2010) 
también mostraron que los individuos de P. nigra en zonas de mayor altitud en la Sierra de Cazorla presentaban un crecimiento constante, al contrario 
de lo que observaron en zonas más bajas y xéricas en las cuales detectaron 
un decaimiento del crecimiento. Esto sugiere una mayor vulnerabilidad 
en estas zonas ante sequías inducidas por aumentos en la temperatura. 
Nuestros resultados indican que el quejigo está experimentando ligeras pero 
significativas disminuciones en el crecimiento desde los años 70, mientras 
que la sabina está aumentando su crecimiento tanto durante años secos 
como húmedos. Disminuciones en el crecimiento de especies deciduas de 
Quercus han sido encontradas con anterioridad, como en el caso de Q. cerris 
en Italia (Di Filippo et al., 2010). Sin embargo, es mucho más raro encontrar 
aumentos en el crecimiento de las especies sometidas a estrés (pero véase 
Martínez-Vilalta et al., 2008). Cuando analizamos los datos de crecimiento 
en relación a la eficiencia en el uso del agua durante años climáticamente 
favorables y desfavorables observamos que, efectivamente, todas las especies estaban aumentando su crecimiento durante años favorables 
a medida que aumentaba su eficiencia en el uso del agua (iWUE, por aumento de la ganancia de carbono a niveles más altos de CO2 atmosférico). 
Las diferencias interespecíficas fueron más evidentes durante los años 
desfavorables, en los que el crecimiento del quejigo, y especialmente del 
pino, cayó drásticamente a medida que aumentaba la iWUE, seguramente debido al cierre estomático por parte de estas dos especies para regular 
la pérdida de agua (Peñuelas et al., 2011a, Capítulo 3). Sin embargo, en 
el caso del quejigo observamos altas conductancias estomáticas en 
verano, por lo que parece necesario profundizar la investigación en torno 
a esta inesperada respuesta para llegar a conclusiones definitivas. Por el 
contrario, la sabina aumentó su crecimiento a medida que aumentaba la 
iWUE incluso en años climáticamente desfavorables, sugiriendo que esta 
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especie se está viendo favorecida por aumentos en el CO2 atmosférico y 
calentamiento (véase también Gimeno et al., 2012a).
C3. Predicciones futuras ante un clima cambiante
El hecho de que no todas las especies presenten la misma sensibilidad a 
las variaciones del clima conlleva efectos mucho más complejos y difíciles de 
predecir a nivel de comunidades vegetales que sobre especies individuales 
(Valladares, 2008). A pesar de que sólo dos de las cuatro especies objeto 
de estudio se vieron muy afectadas por condiciones climáticas adversas es 
probable que una disminución en la eficacia biológica de estas dos especies tenga un efecto sobre toda la comunidad debido a la importancia de las 
interacciones entre individuos heteroespecíficos.
Nuestros resultados muestran que los cambios espaciales en la disponibilidad hídrica tienen implicaciones en la frecuencia de las interacciones 
de competencia y facilitación. En un escenario de cambio climático, los 
bosques en la zona de estudio tenderán a ser más parecidos a aquéllos 
englobados en la categoría “LWA-forests” (i.e. bosques de baja disponibilidad 
hídrica, véase Capítulo 1). En estos bosques observamos una disminución 
en las interacciones entre juveniles y adultos tanto negativas como positivas 
(una reducción aproximada del 40% en asociaciones de repulsión y de un 8% 
en las de agregación). La disminución de la competencia puede ser debida a 
una menor densidad poblacional en estos bosques más secos formados por 
especies más tolerantes y no tanto competidoras (véase Figura A2; Michalet 
et al., 2006). Cabe la posibilidad de que el gradiente ambiental en la zona 
de estudio sea limitado a la hora de reflejar futuros cambios, pero parece 
evidente que incluso pequeños cambios en la disponibilidad hídrica dan lugar 
a importantes alteraciones en las interacciones (McCluney et al., 2012). 
A través de los resultados de esta tesis doctoral, podemos concluir que de 
las cuatro especies estudiadas, aquéllas potencialmente más vulnerables al 
cambio climático son el quejigo y el pino laricio en la fase adulta. Es por ello 
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que si aumenta la mortalidad de individuos de estas especies, los procesos de regeneración serán cruciales a la hora de reemplazar los adultos para 
mantener poblaciones estables (Lloret et al., 2012). En el caso de los quejigos 
adultos, nuestros resultados muestran respuestas que indican una elevada 
vulnerabilidad de esta especie que puede verse acentuada en un futuro 
ante un aumento de la duración e intensidad de las sequías. Sin embargo, 
observamos que la capacidad de regeneración de esta especie no era tan dependiente del clima como encontramos en otras. Las especies de Quercus 
invierten más recursos en la formación de semillas grandes, lo que parece 
favorecer su establecimiento (Westoby et al., 1992). La limitación en estas 
especies viene dada por la dispersión a sitios seguros y la disponibilidad de 
éstos (bajo cobertura arbórea heteroespecífica y arbustiva). La regeneración de los pinos, por el contrario, parece depender más de las características 
climáticas y no tanto de encontrar sitios seguros (Capítulos 1 y 2), ya que su 
dispersión anemófila permite que las semillas lleguen a más sitios y en mayor 
cantidad (Westoby et al., 1992; Schupp 1995). Así, la regeneración de esta 
especie puede verse comprometida ante sequías más frecuentes e intensas. 
Sin embargo, el grado de afectación por los eventos de sequía extremos de 
los individuos adultos de pino fue algo menor que aquél de los quejigos. Los pinos presentaron una elevada resistencia a la cavitación tanto en verano 
como en invierno (Capítulo 5), que aunque es importante en la tolerancia de 
la sequía, no siempre determina la supervivencia (Valladares et al., 2004). 
Las dos especies consideradas a priori como más tolerantes a la sequía, 
es decir la encina y la sabina, confirmaron dichas expectativas. La sabina 
presentó estrategias que apuntan a una elevada tolerancia al estrés, tanto 
por su regeneración (elevada supervivencia en las primeras etapas de vida, 
Capítulo 2), como por sus mecanismos fisiológicos para tolerar las sequías 
(Capítulos 4 y 5), lo cual coincide con estudios previos en especies del género 
Juniperus (e.g. Moore et al., 1999; Martínez-Ferri et al., 2000; Camarero et al., 
2010; Gimeno et al., 2012a). Es más, al estudiar los patrones en el campo, 
observamos que los juveniles de esta especie estaban sólo presentes en las 
parcelas de menor disponibilidad hídrica (Capítulo 1). Aunque la emergencia 
fue muy baja (Capítulo 2), en consonancia con los pocos experimentos de 
siembra en condiciones naturales para esta especie (véase Montesinos et 
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al., 2007), la supervivencia de las plántulas fue muy elevada tras dos años 
(en este caso probablemente en lugar de por acumulación de recursos, por 
encontrar una ventana temporal mejor). Lo más destacado para la sabina fue el aumento del crecimiento secundario de los adultos con el incremento de la 
aridez observado durante las últimas cuatro décadas. Dada la capacidad de la sabina de incrementar la productividad por aumentos en las concentraciones de CO2 bajo condiciones “desfavorables”, sería interesante profundizar en el estudio de los mecanismos de tolerancia al estrés climático de esta especie. 
Así, Gimeno et al., (2012a) ya mostraron que la sabina era capaz de mantener ganancias de carbono bajo condiciones climáticas estresantes, pero como en otros aspectos serán necesarios otros estudios para entender futuras respuestas a los cambios climáticos.
La encina manifestó una productividad muy baja pero con tendencias 
estables de crecimiento en el tiempo (excepto durante años extremadamente 
secos), capaz de recuperarse (Capítulo 3) y de tolerar estreses climáticos 
estacionales (Capítulo 5). El hecho de no haber podido analizar los isótopos en la madera de esta especie, debido a su reducido crecimiento, nos impide 
comparar los resultados en cuanto a su eficiencia en el uso del agua con el 
resto de las especies. Sin embargo, en cuando a fisiología se refiere, fue la 
única especie capaz de revertir las embolias desde el verano al invierno, además de mantener altos niveles de conductancia estomática durante 
el verano y los estomas abiertos en invierno (Capítulo 5). Esta respuesta 
confirma las observaciones de otros estudios para la encina (Tognetti et al., 
1998; Cavender-Bares et al., 2005), aunque también se han encontrado casos 
en los que las embolias no se revirtieron (Naridini et al., 2000). Por último, fue 
la especie que presentó una mayor regeneración bajo condiciones de elevado 
estrés hídrico, aunque su establecimiento resultó dependiente (al igual que 
el quejigo) de disponer de microhábitats favorables (Capítulos 1 y 2; Gómez 
2003; Gómez-Aparicio et al., 2008). Por todo ello,  esperamos que esta especie sea capaz de mantener un amplio margen de respuesta ante un incremento 
de la aridez, como ya han indicado otros trabajos (e.g. Gimeno et al., 2009). 
Diversas evidencias señalan hacia un posible declive de los pinares y 
quejigares en muchos puntos de la zona de estudio ante el creciente estrés 
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hídrico e intensidad de eventos extremos. Esto a su vez puede tener graves consecuencias sobre la coexistencia en estos ecosistemas con una escasa 
riqueza de especies arbóreas. Así por ejemplo, las poblaciones de quejigo 
o de encina, que regeneran mejor en los pinares, podrían verse afectadas 
por el decaimiento de individuos adultos de pino en la zona. La encina y la 
sabina sin embargo parecen ser especies más resistentes en su fase adulta y podrían sobrellevar mejor los cambios esperados en el clima.
Por último, es importante tener en cuenta que las cuatro especies están experimentando una expansión por el abandono de los campos agrícolas 
(véase DeSoto et al., 2010; Gimeno et al., 2012b; Olano et al., 2012b). El abandono de los usos tradicionales está dando lugar a nuevos microambientes 
que pueden favorecer el reclutamiento (Gimeno et al., 2012b), pero todavía es escasa la información acerca de la vulnerabilidad de las plántulas en 
estas zonas (véase Esteso-Martínez et al., 2006; Gimeno et al., 2012c) por 
lo que sería interesante profundizar en el conocimiento de los procesos que 
promueven la coexistencia en estos ecosistemas que han sufrido intensas 
transformaciones y su interacción con los cambios en el clima. 
Figura C3. Ejemplares muertos de cada una de las cuatro especies objeto de estudio
C4. Consideraciones futuras
Como alternativa a la migración o extinción de especies, existen mecanismos 
que permiten la permanencia de las especies en una comunidad sometida a 
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cambios en el clima. Estos mecanismos, que engloban tanto la plasticidad 
fenotípica (cambios en la distribución de fenotipos sin cambios genéticos), 
como la adaptación (cambio genético a través de cambios microevolutivos), 
están íntimamente ligados a la variabilidad intraespecífica (Parmesan, 
2006). Por tanto, consideramos que el entendimiento de la capacidad de 
nuestras especies y poblaciones para ajustar su comportamiento a las 
condiciones cambiantes permitirá predecir con mayor fiabilidad los efectos 
del cambio climático en estas comunidades. Así, mientras que la sensibilidad 
diferencial de las especies es importante, tal y como hemos observado en la presente tesis doctoral, las predicciones podrían verse alteradas por una capacidad también diferencial de cada especie de aclimatarse o adaptarse a las condiciones locales cambiantes. Es más, considerar la importancia 
de la variabilidad intraespecífica es clave para entender la dinámica de 
comunidades formadas por un escaso número de especies o en aquéllas 
dominadas por una única especie, ya que la variación en los rasgos va a ser 
determinante para la composición de los bosques. Así, una especie muy plástica podría dominar el dosel si sus diferentes fenotipos fueran capaces 
de rellenar todos los nichos disponibles. Sin embargo, muy pocos trabajos 
hasta la fecha han recalcado la importancia de la variabilidad intraespecífica 
de los rasgos en una comunidad (pero véase Lepš et al., 2006; Cianciaruso et 
al., 2009). Recientemente, de Bello y colaboradores (2011) destacaron este 
aspecto para la cuantificación de la diversidad funcional, concluyendo que la 
variabilidad intraespecífica es necesaria para un mejor entendimiento de los 
procesos implicados en la coexistencia, dinámica y funciones del ecosistema. 
En el marco de un proyecto europeo (FunDiv, liderado por Michael Scherer-
Lorenzen y Fernando Valladares y en concreto las tareas realizadas por 
Cristina Crespo, Raquel Benavides y Sonia G. Rabasa) se está caracterizando 
esta variabilidad en individuos adultos y juveniles en estos bosques 
mediterráneos (y otros europeos) para evaluar su contribución a las reglas 
de ensamblaje de comunidades y su relación con gradientes ambientales.
Ya por último indicar que aunque no hemos abordado directamente temas de mortalidad de nuestras especies en la presente tesis doctoral, en el Alto Tajo estamos llevando a cabo estudios con Pinus nigra y P. sylvestris 
para determinar las causas de mortalidad y conocer si esta mortalidad viene 
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dada de forma abrupta (debida a eventos extremos), gradual (causada por 
una aridificación del clima) o una combinación de las dos. Este trabajo, 
ya en marcha, podría completarse con la inclusión del resto de especies 
consideradas en esta tesis (Figura C3), aunque la dificultad en la datación de los anillos de crecimiento de las especies de Quercus (especialmente de 
la encina) es un importante obstáculo. En cualquier caso, a pesar de haber encontrado pocos ejemplares muertos de estas especies en la zona de estudio, 
los eventos de mortalidad merecen mayor atención en estos bosques por su 
incidencia en la coexistencia y en la dinámica forestal.
C5. Conclusiones
En los bosques mediterráneos estudiados predomina un paisaje en mosaico gracias a la enorme variabilidad ambiental, incluida la inducida por 
el hombre, y de interacciones que fluctúan en el espacio, en el tiempo y según las etapas de vida de los individuos. Encontramos mecanismos complejos determinados por diversos factores, pero no todos los mecanismos parecen 
contribuir de la misma forma a la coexistencia. Observamos que las variaciones 
entre microhábitats y años (heterogeneidad espacial y temporal), así como las 
interacciones bióticas y el comportamiento fisiológico están contribuyendo 
a la coexistencia de especies muy distintas funcionalmente. En esta tesis 
destacamos además que para que la coexistencia tenga lugar en escenarios 
de amplias fluctuaciones ambientales, la competencia intraespecífica debe 
ser mayor que la inter-específica en las fases más tempranas de la vida de las especies. Además, mostramos procesos con un efecto estabilizador en 
las comunidades, como por ejemplo aquéllos que minimizan la mortalidad 
y/o favorecen el reclutamiento. Estos procesos son susceptibles de verse 
modificados por el cambio climático por lo que su estudio debe contemplar su interacción con un clima cambiante.
DISCUSIÓN GENERAL
192
Tabla C1. Resumen de los resultados de cada capítulo para cada especie, agrupados en distintos apartados que hacen relación a las distintas etapas de vida y filtros o mecanismos de coexistencia. QI 
(Quercus ilex), QF (Q. faginea), PN (Pinus nigra), JT (Juniperus thurifera). Cuando la especie va seguida de –F, hace referencia al tipo de bosque donde esa especie es dominante; > (mayor), < (menor), ↑ y ↓ 
(aumento y disminución); NS (resultados no significativos); X (cuando por algún motivo la especie no se consideró), en blanco cuando no llevamos a cabo estudios al respecto; EW y LW (madera temprana y 
tardía); RW (tamaño del anillo); BAI (incremento de área basal), iWUE (eficiencia en el uso del agua); T (temperatura), P (precipitación), gs (conductancia estomática); Fv/Fm (eficiencia fotoquímica). 
Etapas de vida Semilla Plántula Juvenil Adulto
Capítulos C2 C1, C2 C1 C3, C4 C4, C5
Variables Destino (emergencia, predación y patógenos) Regeneración Patrones espaciales Crecimiento Fisiología
Filtros\ 
Especies QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT
Heterogeneidad 
ambiental
(escala local/
regional)
> emergencia en Pn-F X Sin prefe-rencia > regeneración en Pn-F X Sin prefe-rencia
zonas mésicas >abun-dancia en claros
zonas de > estrés < frecuencia en claros
< frecuen-cia en parcelas + xéricas
Sólo  en parcelas + xéricas
El sitio donde 
más ↓ el creci-miento es en el 
más húmedo
Respues-tas ~ 
en las ≠ parcelas
Respues-tas ~ 
en las ≠ parcelas
Respuestas 
~ en las ≠ parcelas
Ninguna regenera mejor en bosques donde 
los conespecíficos son dominantes
Ninguna está asociada a sus adultos conespecíficos; las distintas especies no comparten los mismos nichos de regeneración
Interacciones 
bióticas 
Competencia NS NS X compe-tencia con her-báceas NS NS X
compe-tencia con herbáceas Con adultos conespecíficos Sin patrón NS NS NS NS
Facilitación NS NS X NS > regeneración bajo dosel X > rege-neración bajo dosel
Asociación con pinos adultos
> abundancia bajo hete-
roespecíficos 
y arbustos
> abun-dancia bajo heteroes-
pecíficos
Bajo arbustos
Patógenos > en don-de  con  
específicos
> en Pn-F X X
Predadores y herbivoría > predación en Jt-F y Qf-F y < en Pn-F X X > herbivo-ría en Qi-F 
y Pn-F
> herbi-voría en Qi-F X > herbivo-ría en Qi-F pero ↓
Variaciones 
inter-anuales iWUE
Perturbaciones 
(eventos  
extremos)
Sólo ↓ el creci-miento donde > disponibilidad hídrica
LW ↓ y no se recupera tras 2 años
La que 
+ ↓ su crecimien-to pero se recupera
↓el creci-miento pero recupera X
↑iWUE 
19% por 
↑ CO2 y 
sequía
↑iWUE 
21% por 
↑ CO2 y 
sequía
↑iWUE 
15% por 
↑ CO2
Cambios en el 
clima (cambio 
climático)
= ↓ = ↑ X
↑ el BAI años buenos 
y ↓ los malos a + 
iWUE
↑ el BAI años 
buenos y malos a 
+iWUE
Variaciones 
intra-anuales gs cavitación Fv/Fm
(estreses  
estacionales)
Emergen + tarde 
que QF
Emergen antes 
que QI
Mueren todas Tardan un año en emerger > supervivencia de semillas + grandes X NS Todas las especies ↑ su crecimento con las precipitaciones (pero importa el cuándo se produzcan) ↓en invierno en comparación con el verano ↓ en INV ↑en INV ↓en invierno en compara-ción con el verano
↑mortalidad durante la sequía estival
↑RW a +T PRI, 
INV, OTO y ↓VER
↓ EW con + T de VER No afectado por Tª ↑ RW con + T PRI y ↓ con las de VER ↑↑ VER; ↓ INV ↑↑↑ VER; ↓ INV ↑ VER;       ↓ INV ↑ VER;              ↓ INV
55% 
VER; 
45% INV
80% 
VER; 
90% INV
0% 
VER; 
3% INV
0% 
VER; 
9% INV Niveles ~ para todas las especies
↑ RW con +P de 
PRI y VER
↑ RW, LW con +P 
de INV y además 
EW  con +P de PRI
↑ RW y 
EW con P 
de PRI y del OTO anterior
↑ RW y EW con P de VER 
y de OTO anterior pero 
↓ con lluvias de marzo
IDEA  
PRINCIPAL
La predación es el principal motivo de pérdida 
de semillas; la emergencia es mayor en pinares para Quercus y en encinares para Juniperus; 
identificamos procesos densodependientes y competencia
La supervivencia y regeneración dependen 
del tipo de bosque, es mayor bajo dosel y el tamaño de semilla importa. No regeneran 
mejor en los bosques donde los conespecífi-cos dominan
Tanto asociaciones positivas como negativas fuereon más 
abundantes en zonas más mésicas, contradiciendo la SGH. 
Ninguna especie regenera mejor en bosques donde los 
conespecíficos dominan
Las especies de madera dura crecen poco en comparación con 
las coníferas, pero la tendencia es igual para QI y PN, mientras 
que ↓en QF y ↑en JT. Durante años de sequía extrema todas las 
especies ↓ su crecimiento pero no todas se recuperan igual. Las variaciones climáticas estacionales dependen enormemente 
de la especie y su estrategia
El iWUE está aumentando debido a incremen-tos en las concentracines atmosféricas de CO2, 
y para algunas especies también debido a la 
sequía, lo cual se ve reflejado en los patrones de crecimiento
El inverno puede  ser más estresante que el verano; Q. ilex es capaz de 
revertir las embolias en la transición de verano-invierno; los Quercus 
tienen conductancias estomáticas más altas que las coníferas y en verano, 
pero las reducen hasta niveles de las coníferas en invierno; las embolias son más acusadas en los Quercus por el tamaño de sus vasos y las coníferas 
mantienen valores inferiores al 10% ; la eficiencia fotoquímica es similar 
para todas las especies y disminuye desde el verano al invierno
DISCUSIÓN GENERAL
193
Tabla C1. Resumen de los resultados de cada capítulo para cada especie, agrupados en distintos apartados que hacen relación a las distintas etapas de vida y filtros o mecanismos de coexistencia. QI 
(Quercus ilex), QF (Q. faginea), PN (Pinus nigra), JT (Juniperus thurifera). Cuando la especie va seguida de –F, hace referencia al tipo de bosque donde esa especie es dominante; > (mayor), < (menor), ↑ y ↓ 
(aumento y disminución); NS (resultados no significativos); X (cuando por algún motivo la especie no se consideró), en blanco cuando no llevamos a cabo estudios al respecto; EW y LW (madera temprana y 
tardía); RW (tamaño del anillo); BAI (incremento de área basal), iWUE (eficiencia en el uso del agua); T (temperatura), P (precipitación), gs (conductancia estomática); Fv/Fm (eficiencia fotoquímica). 
Etapas de vida Semilla Plántula Juvenil Adulto
Capítulos C2 C1, C2 C1 C3, C4 C4, C5
Variables Destino (emergencia, predación y patógenos) Regeneración Patrones espaciales Crecimiento Fisiología
Filtros\ 
Especies QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT QI QF PN JT
Heterogeneidad 
ambiental
(escala local/
regional)
> emergencia en Pn-F X Sin prefe-rencia > regeneración en Pn-F X Sin prefe-rencia
zonas mésicas >abun-dancia en claros
zonas de > estrés < frecuencia en claros
< frecuen-cia en parcelas + xéricas
Sólo  en parcelas + xéricas
El sitio donde 
más ↓ el creci-miento es en el 
más húmedo
Respues-tas ~ 
en las ≠ parcelas
Respues-tas ~ 
en las ≠ parcelas
Respuestas 
~ en las ≠ parcelas
Ninguna regenera mejor en bosques donde 
los conespecíficos son dominantes
Ninguna está asociada a sus adultos conespecíficos; las distintas especies no comparten los mismos nichos de regeneración
Interacciones 
bióticas 
Competencia NS NS X compe-tencia con her-báceas NS NS X
compe-tencia con herbáceas Con adultos conespecíficos Sin patrón NS NS NS NS
Facilitación NS NS X NS > regeneración bajo dosel X > rege-neración bajo dosel
Asociación con pinos adultos
> abundancia bajo hete-
roespecíficos 
y arbustos
> abun-dancia bajo heteroes-
pecíficos
Bajo arbustos
Patógenos > en don-de  con  
específicos
> en Pn-F X X
Predadores y herbivoría > predación en Jt-F y Qf-F y < en Pn-F X X > herbivo-ría en Qi-F 
y Pn-F
> herbi-voría en Qi-F X > herbivo-ría en Qi-F pero ↓
Variaciones 
inter-anuales iWUE
Perturbaciones 
(eventos  
extremos)
Sólo ↓ el creci-miento donde > disponibilidad hídrica
LW ↓ y no se recupera tras 2 años
La que 
+ ↓ su crecimien-to pero se recupera
↓el creci-miento pero recupera X
↑iWUE 
19% por 
↑ CO2 y 
sequía
↑iWUE 
21% por 
↑ CO2 y 
sequía
↑iWUE 
15% por 
↑ CO2
Cambios en el 
clima (cambio 
climático)
= ↓ = ↑ X
↑ el BAI años buenos 
y ↓ los malos a + 
iWUE
↑ el BAI años 
buenos y malos a 
+iWUE
Variaciones 
intra-anuales gs cavitación Fv/Fm
(estreses  
estacionales)
Emergen + tarde 
que QF
Emergen antes 
que QI
Mueren todas Tardan un año en emerger > supervivencia de semillas + grandes X NS Todas las especies ↑ su crecimento con las precipitaciones (pero importa el cuándo se produzcan) ↓en invierno en comparación con el verano ↓ en INV ↑en INV ↓en invierno en compara-ción con el verano
↑mortalidad durante la sequía estival
↑RW a +T PRI, 
INV, OTO y ↓VER
↓ EW con + T de VER No afectado por Tª ↑ RW con + T PRI y ↓ con las de VER ↑↑ VER; ↓ INV ↑↑↑ VER; ↓ INV ↑ VER;       ↓ INV ↑ VER;              ↓ INV
55% 
VER; 
45% INV
80% 
VER; 
90% INV
0% 
VER; 
3% INV
0% 
VER; 
9% INV Niveles ~ para todas las especies
↑ RW con +P de 
PRI y VER
↑ RW, LW con +P 
de INV y además 
EW  con +P de PRI
↑ RW y 
EW con P 
de PRI y del OTO anterior
↑ RW y EW con P de VER 
y de OTO anterior pero 
↓ con lluvias de marzo
IDEA  
PRINCIPAL
La predación es el principal motivo de pérdida 
de semillas; la emergencia es mayor en pinares para Quercus y en encinares para Juniperus; 
identificamos procesos densodependientes y competencia
La supervivencia y regeneración dependen 
del tipo de bosque, es mayor bajo dosel y el tamaño de semilla importa. No regeneran 
mejor en los bosques donde los conespecífi-cos dominan
Tanto asociaciones positivas como negativas fuereon más 
abundantes en zonas más mésicas, contradiciendo la SGH. 
Ninguna especie regenera mejor en bosques donde los 
conespecíficos dominan
Las especies de madera dura crecen poco en comparación con 
las coníferas, pero la tendencia es igual para QI y PN, mientras 
que ↓en QF y ↑en JT. Durante años de sequía extrema todas las 
especies ↓ su crecimiento pero no todas se recuperan igual. Las variaciones climáticas estacionales dependen enormemente 
de la especie y su estrategia
El iWUE está aumentando debido a incremen-tos en las concentracines atmosféricas de CO2, 
y para algunas especies también debido a la 
sequía, lo cual se ve reflejado en los patrones de crecimiento
El inverno puede  ser más estresante que el verano; Q. ilex es capaz de 
revertir las embolias en la transición de verano-invierno; los Quercus 
tienen conductancias estomáticas más altas que las coníferas y en verano, 
pero las reducen hasta niveles de las coníferas en invierno; las embolias son más acusadas en los Quercus por el tamaño de sus vasos y las coníferas 
mantienen valores inferiores al 10% ; la eficiencia fotoquímica es similar 
para todas las especies y disminuye desde el verano al invierno
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